University of South Florida

Scholar Commons
Graduate Theses and Dissertations

Graduate School

January 2012

Aggregation of Sediment and Bacteria with
Mucilage from the Opuntia ficus-indica Cactus
Audrey Lynn Buttice
University of South Florida, abuttice@mail.usf.edu

Follow this and additional works at: http://scholarcommons.usf.edu/etd
Part of the Chemical Engineering Commons, Environmental Engineering Commons, and the
Sustainability Commons
Scholar Commons Citation
Buttice, Audrey Lynn, "Aggregation of Sediment and Bacteria with Mucilage from the Opuntia ficus-indica Cactus" (2012). Graduate
Theses and Dissertations.
http://scholarcommons.usf.edu/etd/4295

This Dissertation is brought to you for free and open access by the Graduate School at Scholar Commons. It has been accepted for inclusion in
Graduate Theses and Dissertations by an authorized administrator of Scholar Commons. For more information, please contact
scholarcommons@usf.edu.

Aggregation of Sediment and Bacteria with Mucilage from the
Opuntia ficus-indica Cactus

by

Audrey Lynn Buttice

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
Department of Chemical and Biomedical Engineering
College of Engineering
University of South Florida

Major Professor: Norma A. Alcantar, Ph.D.
Sarina Ergas, Ph.D.
Valerie Harwood, Ph.D.
Mark Jaroszeski, Ph.D.
Piyush Koria, Ph.D.

Date of Approval:
November 7, 2012

Keywords: Ofi, Water Treatment, Flocculation, Kaolin, E. coli
Copyright © 2012, Audrey Lynn Buttice

DEDICATION

This work is dedicated to my mom, Judy Smith, who is the most committed and
smartest person I have ever known. She taught my brothers and me the value of an
education which is something that has brought and will bring extreme value to my life.
Without such an amazing role model it is hard to know what decisions I would have
made for my life or where I would be now.
I also dedicate this work to my step dad, Mike Smith, who has supported me in
my life and education in so many ways for which I am extremely thankful. Also, my
brothers Jeffrey and James Buttice, who are so smart and have been so supportive. I have
been truly blessed to have such a solid family structure to support me.
Lastly, I dedicate this work to my sweet Luna who laid by my side the entire time
I wrote this document.

ACKNOWLEDGMENTS

I would like to start by thanking my major professor, Norma Alcantar, for
support, encouragement, and the immense understanding she has provided over the
course of my education.
I thank Joyce Stroot, Ph.D. and Peter Stroot, Ph.D. for their input in my project
and for teaching me the standard microbiology procedures that I needed to be successful,
and for the use of their facilities and knowledge. Thank you to my committee, Sarina
Ergas, Ph.D., Valerie Harwood, Ph.D., Mark Jaroszeski, Ph.D., and Piyush Koria, Ph.D.,
for their encouragement and advice.
Thank you to NSF GK-12 fellowship program for student support over the last
two years. This program has been so impactful in my life. I thank Dr. Tapas Das for
giving us the opportunity to explore our ideas and for allowing Samuel DuPont and me to
develop and implement the Superhero Training Network. This has truly allowed me to
merge my passions in a way that I never perceived possible. Thank you to the Chemical
and Biomedical Engineering department and faculty for their continued support and
encouragement.
Thank you so much to my past and current fellow graduate students and dear
friends Samuel DuPont, Eva Williams, Ph.D., Jeffy Jimenez, Ph.D., Marlyn Colon, M.S.,
Dawn Fox, Ph.D., and so many more for their support, encouragement, and for always

being there to make things more fun. You are all so intelligent and appreciated. I cannot
wait to see where we all end up.
This work was funded by the following grants: NSF grant (0808002): Integrating
global capabilities into STEM education critical technologies, Strategies for meeting the
UN’s Millennium Development Goals on Water Sanitation Grant; Sustainable Healthy
Communities focusing on WATER initiative, Graduate School, USF; and Project Title:
RAPID: Remediation of Earthquake-Impacted Potable Water Sources with Cactus
Mucilage, Award Number: 1034849

TABLE OF CONTENTS

LIST OF TABLES ............................................................................................................. iii
LIST OF FIGURES ........................................................................................................... iv
ABSTRACT ...................................................................................................................... vii
CHAPTER 1: INTRODUCTION ........................................................................................1
1.1 Motivation for this Research ..............................................................................1
1.2 Outline of Dissertation .......................................................................................3
1.3 Application of Flocculants in Water Treatment: An Overview .........................5
1.3.1 Colloids and Flocculation Mechanisms ..............................................6
1.4 Conventional Industrial Flocculants ................................................................10
1.5 Currently Investigated Natural Flocculants .....................................................13
CHAPTER 2: THE OPUNTIA FICUS-INDICA CACTUS ...............................................27
2.1 Prevalence and Uses ........................................................................................27
2.2 Cactus Mucilage...............................................................................................28
2.2.1 Extraction Methods: A Literature Overview ....................................29
2.2.2 Mucilage Composition, Structure, and Interaction with
Cations ...........................................................................................33
2.3 Past Studies of Opuntia Species Use as a Flocculant ......................................37
2.4 Research Focus: Sediments and Bacteria ........................................................43
2.4.1 Kaolin and Acid-Washed Kaolin Surfaces .......................................43
2.4.2 Bacteria Surfaces ..............................................................................48
2.4.3 Surrogate Waters ...............................................................................52
CHAPTER 3: MUCILAGE EXTRACTION AND CHARACTERIZATION .................56
3.1 Introduction ......................................................................................................56
3.2 Materials and Methodology .............................................................................57
3.3 Results and Discussion ....................................................................................64
3.3.1 Mucilage Extraction ..........................................................................64
3.3.2 Chemical Characterization ................................................................66
3.3.3 Structural Characterization ...............................................................68
3.4 Summary and Conclusions ..............................................................................70
CHAPTER 4: AGGREGATION OF SEDIMENTS WITH MUCILAGE ........................72
4.1 Introduction ......................................................................................................72
4.2 Materials and Methodology .............................................................................73
i

4.3 Discussion and Analysis of Kaolin Removal Results ......................................78
4.3.1 Settling Results .................................................................................78
4.3.2 Effects of Ion Addition on Kaolin Removal and Settling
Rates...............................................................................................84
4.3.3 Effects of Mucilage and Kaolin Concentration on Removal ............93
4.3.4 Effects of Water Type on Kaolin Removal.....................................102
4.3.5 Kaolin Removal with Mucilage from Different Extractions ..........106
4.4 Acid-Washed Kaolin Removal Studies .........................................................109
4.4.1 Settling Results ...............................................................................110
4.4.2 Effects of Mucilage Concentration on Flocculation Activity .........113
4.5 Summary and Conclusions ............................................................................116
CHAPTER 5: AGGREGATION OF BACTERIA WITH MUCILAGE ........................120
5.1 Introduction ....................................................................................................120
5.2 Materials and Methodology ...........................................................................121
5.3 Preliminary Settling Results ..........................................................................124
5.4 Escherichia coli Removal Studies .................................................................139
5.5 Summary and Conclusions ............................................................................147
CHAPTER 6: SUMMARY AND CONCLUSIONS .......................................................150
REFERENCES ................................................................................................................163
APPENDICES .................................................................................................................171
Appendix A: Permissions ....................................................................................172
ABOUT THE AUTHOR ....................................................................................... End Page

ii

LIST OF TABLES

Table 1.1.

Overview of several microbial flocculant compositions ..............................15

Table 1.2.

Overview of microbial bioflocculant results.................................................18

Table 2.1.

Sugar content (wt %) reported in mucilage extracts .....................................34

Table 2.2.

Final salt concentrations in the surrogate waters used in contaminant
suspensions ...................................................................................................54

Table 2.3.

Final cation concentration and pH of surrogate waters after
preparation ....................................................................................................54

Table 3.1.

Initial sizes of pads used for extraction of GE and NE mucilage .................65

Table 3.2.

Dry mass and percent yield results from mucilage extractions ....................65

Table 4.1.

Settling rates/mucilage concentration ratios for 50 g/L of kaolin with
GE and NE ....................................................................................................80

Table 4.2.

Final pH of kaolin suspensions with 20 mM of added cations .....................89

Table 4.3.

Heating/maceration methods used in mucilage extractions according
to pad number .............................................................................................106

Table 6.1.

Summary of optimal concentrations and removal ......................................158

Table 6.2.

Summary of previous work evaluating the Opuntia ficus-indica as a
flocculant.....................................................................................................160

iii

LIST OF FIGURES

Figure 1.1. Illustration of the double layer made up of the stern and diffused
layers ...............................................................................................................7
Figure 2.1. Tunas and pads from the Opuntia ficus-indica cactus for sale at the
Red Barn Flea Market in Bradenton, FL, USA ............................................28
Figure 2.2. Method proposed by Goycoolea and Cardenas (2003) to obtain
gelling extract (GE) from Opuntia cactus pads ............................................30
Figure 2.3. Method proposed by Goycoolea and Cardenas (2003) to obtain nongelling extract (NE) from Opuntia cactus pads ............................................31
Figure 2.4. Method proposed by Medina-Torres et al. (2000) to obtain mucilage
from Opuntia cactus pads .............................................................................32
Figure 2.5. Chemical structure of the mucilage from the Opuntia ficus-indica
cactus.............................................................................................................35
Figure 2.6. Suggested tetrahedral-octahedral stacking structure of kaolin clay ..............44
Figure 2.7. Chemical structure of kaolin edges in solutions of acidic, neutral,
and basic pH ..................................................................................................45
Figure 2.8. Schematic of edge to face aggregation of kaolin in acidic solutions ............46
Figure 2.9. Schematic of outer membranes found on Gram-positive and Gramnegative bacteria ...........................................................................................48
Figure 2.10. Alkalinity of hard and soft surrogate waters .................................................55
Figure 3.1. Outline of extraction method used to obtain NE and GE mucilage ..............59
Figure 3.2. Simplified process to obtain cactus flocculant..............................................62
Figure 3.3. Calibration curve for total sugar determination with the phenolsulfuric acid method ......................................................................................63
Figure 3.4. Total percent sugar in mucilage extracts ......................................................67
iv

Figure 3.5. TEM images of 500 mg/L stock solutions of (A) GE and (B) NE ...............68
Figure 3.6. AFM scans of (A) GE and (B) NE mucilage ................................................69
Figure 4.1. Full 60 minute settling plot of 50 g/L of kaolin in deionized water
treated with GE .............................................................................................75
Figure 4.2. Demonstration of settling rate determination ...............................................76
Figure 4.3. Kaolin-optical density calibration curve .......................................................78
Figure 4.4. Kaolin (50g/L) settling rates (cm/min) when suspended in hard water
(HW), soft water (SW), and deionized water (DI)........................................79
Figure 4.5. Kaolin flocs observed in 50 g/L deionized water experiments .....................82
Figure 4.6. TEM images of (A) kaolin control and (B) kaolin treated with 50
mg/L NE........................................................................................................83
Figure 4.7. Light microscope images of 50 g/L kaolin in hard water with (A) no
treatment and (B) 50 mg/L NE .....................................................................83
Figure 4.8. Flocculation activity of 5 g/L of kaolin suspended in hard water
treated with NE and GE mucilage ................................................................85
Figure 4.9. Light microscope images of kaolin flocs formed in suspensions with
5 g/L of kaolin suspended in hard water .......................................................85
Figure 4.10. Flocculation activity with the addition of (A) 0.2 mM and (B) 20
mM of Na+, K+, Ca2+, Mg2+, Al3+, and Fe3+ ..................................................87
Figure 4.11. Influence of 20 mM Ca2+ on the settling rate of 50 g/L kaolin in hard
water ..............................................................................................................90
Figure 4.12. Light microscope images of 50 g/L of kaolin treated with NE and
GE with and without 20 mM of Ca2+ ............................................................92
Figure 4.13. Flocculation activity of kaolin treated with NE and GE combined
with Ca2+ .......................................................................................................95
Figure 4.14. Flocculation activity (A) and percent removal (B) as a function of
kaolin concentration ......................................................................................98
Figure 4.15. Flocculation activity (top) and removal percent (bottom) of 0.5 g/L
of kaolin suspended in hard, soft, and deionized water ..............................104

v

Figure 4.16. Flocculation activity with 0.5 g/L of kaolin in deionized water with
various mucilage extracts ............................................................................107
Figure 4.17. Settling rates of 50 g/L acid-washed kaolin suspended in HW ..................111
Figure 4.18. Light microscope images of acid-washed kaolin treated with 0, 5,
and 50 mg/L of NE and GE mucilage .........................................................113
Figure 4.19. Flocculation activity of 50 g/L of acid-washed kaolin treated with
NE and GE alone and with 20 mM of Ca2+ ................................................114
Figure 5.1. Image of B. cereus flocs settled to the bottom of test columns ..................125
Figure 5.2. Settling times of Bacillus cereus with additional Ca2+ treatment of 10
to 35 mM .....................................................................................................126
Figure 5.3. Flocculation start and settling completion time of Bacillus cereus
treated with 0 to 50 mg/L of NE (A) and GE (B) mucilage .......................129
Figure 5.4. Flocculation start and completion time for Bacillus cereus suspended
in soft water.................................................................................................130
Figure 5.5. Light microscope images of Bacillus cereus from controls with no
treatment and Ca2+ only ..............................................................................132
Figure 5.6. Light microscope images of Bacillus cereus from suspensions
treated with 2 mg/L of GE and NE with Ca2+ in hard and soft water .........133
Figure 5.7. Image of flocs formed in E. coli columns ...................................................134
Figure 5.8. Flocculation start and settling end times of E. coli treated with 0.5 to
50 mg/L of GE ............................................................................................135
Figure 5.9. Light microscope images of flocs formed in Escherichia coli
suspensions .................................................................................................136
Figure 5.10. Flocculation start and settling completion times of Bacillus anthracis ......137
Figure 5.11. Removal percentages of 103 cells/mL of E. coli treated with 0 to 50
mg/L of mucilage with and without Ca2+ ...................................................140
Figure 5.12. Removal percent as a function of E. coli concentrations ranging from
102 to 108 cells/mL ......................................................................................144
Figure 5.13. Removal percentage of 103 cells/mL of E. coli in hard, soft, and
deionized water ...........................................................................................146
vi

ABSTRACT

Flocculants are commonly used in industrial settings where solid-liquid
separations are desired including industrial and municipal wastewater management and
potable water production facilities. Conventional flocculants include inorganic metal salts
and synthetic organic polymers. The cost, availability, and harmful effects of the nonbiodegradable nature of these flocculants have led to the widespread study of natural
flocculants. Current natural flocculants being studied include polysaccharides cultivated
from microbial extracellular matrix products and plant based materials. In this study, the
mucilage of Opuntia ficus-indica cactus was evaluated as a natural flocculant for
sediments and bacteria. The O. ficus-indica cactus is also known as the nopal or prickly
pear and is commonly used as a food source in Mexico and Latin America. Using simple
extraction techniques non-gelling (NE) and gelling (GE) mucilage extracts were isolated
from fresh cactus pads. Column tests were used to evaluate the flocculation and removal
of suspended sediment and bacteria caused by mucilage addition. Throughout this work
the mucilage’s ability as a flocculant was evaluated by varying mucilage type and
concentration, suspended contaminant type and concentration, and cation type and
concentration. Many of the results are explained in terms of the morphology and
chemical composition of the GE and NE mucilage extracts. The extracts consist primarily
of polysaccharides and differences in physical structure between mucilage types were
seen using atomic force microscopy and transition electron microscopy. A variety of
suspended particles were used to evaluate the mucilage as a flocculant including kaolin,
vii

acid-washed kaolin, and bacteria. The bacteria employed in this study include Bacillus
cereus, Escherichia coli HB101 K12, and fully attenuated Bacillus anthracis Sterne
strain. The addition of monovalent (Na+ and K+), divalent (Ca2+ and Mg2+), and trivalent
(Al3+ and Fe3+) cations was studied alone and in combination with mucilage. In cation
studies Ca2+ had the most profound effect on flocculation efficiency; therefore its efficacy
was further explored. Mucilage was most effective with dosages between 5 and 50 mg/L
for the contaminants studied. Using these optimal concentrations, 20 to 200 L of water
could be treated with only 1 g of mucilage powder. Based on the extraction method used
in this work, 1 g of mucilage can be obtained from a cactus pad weighing approximately
250 g (wet weight). Mucilage remained an effective flocculant over a wide range of
suspended contaminant concentrations showing that mucilage is a versatile flocculant that
can be tailored for a variety of applications. Overall, this work shows that the O. ficusindica cactus is an effective flocculant for suspended sediments and bacteria. The cactus’
low cost, abundance, and current use in many areas make it an attractive alternative to
traditionally used flocculants. Additionally, this work builds upon existing knowledge
pertaining to natural flocculants and could offer insight into their general behaviors for
water treatment applications.
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CHAPTER 1: INTRODUCTION

1.1 Motivation for this Research

In current water treatment facilities, including industrial and municipal
wastewater, and potable water production plants, flocculants are utilized in the
aggregation of suspended solids resulting in suspensions that are easier to filter and
disinfect (Jiang, Jai-Qian 2001). Conventional flocculants include inorganic metal salts
and organic synthetic polymers, which have been demonstrated to reduce suspended
contaminants significantly. However, the cost, availability, and potential side effects of
using non-biodegradable chemicals has led to the widespread study of natural flocculants.
Natural flocculants include microbial byproducts and plant extracts which have been
studied for their ability to aggregate and remove suspended solids and bacteria
(Ndabigengesere, Anselme and Narasiah, K. Subba 1997; Salehizadeh, H. and
Sojaosadati, S.A 2001; Yokoi, Haruhiko, Obita, HT. et al. 2002; Buttice, A. L. , Stroot, J.
M. et al. 2010).
This work aims to increase the understanding of one such natural flocculant,
which could in turn enhance the knowledge base of natural flocculants and their
application in water treatment. Two fractions of mucilage were isolated from Opuntia
ficus-indica cactus pads and studied for their ability to aggregate and remove sediments
and bacteria. Surrogate hard (145 mg/L CaCO3) and soft (29.3 mg/L CaCO3) waters were
1

prepared and utilized in suspensions. The mineral type and concentration in water
dictates its classification as hard or soft and depends primarily on the mineral content of
the land around the water source (M Alth and Alth, C 1992; Smith, E. J., Davison, W. et
al. 2002). Surrogate waters were prepared in this work to model the ionic composition of
environmental systems. O. ficus-indica, also known as the nopal or prickly pear, is
currently found throughout the world and has been utilized traditionally as a food source
in many communities (Russell, Charles E. and Felker, Peter 1987; Griffith, M. Patrick
2004). The cactus has recently gained an increasing amount of attention from the
scientific world due to its potential uses in the pharmaceutical and food industries.
Indigenous knowledge suggests that it was used as a water treatment method in small
rural communities, particularly in Latin America and Mexico, where turbid water is an
issue (Goycoolea, Francisco M. and Cardenas, Adriana 2003; Saenz, C., Spulveda, E. et
al. 2004).
The research discussed in this document aimed to evaluate the application of two
fractions of mucilage, non-gelling extract (NE) and gelling extract (GE), obtained from
the O. ficus-indica as natural flocculants. The effects of mucilage type, characteristics,
and concentration, cation type and concentration, suspended particle type, concentration,
and surface properties, as well as water alkalinity on the ability of GE and NE to cause
sediment and bacteria aggregation was studied. As some of the results presented are very
similar to published work utilizing biopolymers of similar composition, it is possible that
the findings of this work could be applied to flocculants of similar characteristics. This
work will broaden the understanding of how natural flocculants can work in current and
future water treatment applications.
2

1.2 Outline of Dissertation

The results presented demonstrate the potential of mucilage extracted from the
Opuntia ficus-indica cactus as a natural flocculant for sediment and bacteria suspended in
water. Two fractions of mucilage, non-gelling extract (NE) and gelling extract (GE),
were isolated from cactus pads and their structural properties were studied. The removal
of suspended kaolin and acid-washed kaolin particles was studied to model use with
sediments and clays. Settling times of Bacillus cereus, Escherichia coli, and Bacillus
anthraics (fully attenuated) were studied as well as removal percentages of E. coli, as
outlined in the following chapters.
Chapter One provides an introduction to flocculants and their use in water
treatment. The most commonly used conventional flocculants, including aluminum
sulfate (alum), ferric chloride, and polyacrylamide, are discussed in terms of their
background, chemical structure, and their proposed flocculation mechanisms. Several
currently studied natural flocculants are also discussed in Chapter One including
microbial bioflocculants and plant extracts.
Chapter Two provides the background of the O. ficus-indica cactus, the mucilage
of which was studied as a natural flocculant. This chapter will discuss the cacti’s
prevalence around the world and its current global uses. The various extraction methods
developed to isolate mucilage from the cactus pads will be discussed as well as the
known composition, structure, and properties of the mucilage. This chapter will cover
previous works identifying the use of mucilage as a flocculation agent and will describe
the properties of the particles and bacteria utilized in this study. A description of the
3

surrogate hard and soft waters that were used in controlled studies is also provided in this
chapter.
Chapter Three presents the mucilage extraction methodologies used to isolate the
GE and NE used for all settling tests. The chemical and structural characteristics of the
mucilage are also presented in this chapter using a colorimetric assay for sugar
determination, atomic force microscopy (AFM), and transition electron microscopy
(TEM). A direct correlation is then made between the determined physical structures of
the mucilage types and their known chemical structures.
Chapter Four provides an overview of the use of GE and NE mucilage to
aggregate suspended kaolin and acid-washed kaolin clay. The results demonstrate the
effects of ion addition and concentration, the influence of kaolin concentration, and the
impact of the water type on the flocculation efficiency. The relationship between these
results and the mucilage structure and composition will be discussed with regards to the
surface of the suspended kaolin particles. Additionally, the kaolin flocs are studied
through microscopy techniques.
Chapter Five outlines the use of GE and NE mucilage as possible flocculants for
bacteria including B. cereus, E. coli, and B. anthracis (fully attenuated). High
concentration tests were conducted to obtain a general overview of the capabilities of the
mucilage and microscopic images of the flocs are provided. Once it was established that
GE and NE could cause bacteria aggregation, and under what conditions, percent
removals of relatively low concentrations of E. coli were determined.
Chapter Six offers a summary of the results presented and provides conclusions
pertaining to the study of mucilage as a natural flocculant.
4

1.3 Application of Flocculants in Water Treatment: An Overview

Flocculants are utilized in applications where solid-liquid separation is desired
including industrial and municipal wastewater treatment, and drinking water production.
Suspended particles that can be found in these waters include microorganisms, such as
bacteria and viruses, and inorganic particles, such as clays and silt (Gregory, John and
Duan, Jinming 2001; Jiang, Jai-Qian 2001; Davis, Mackenzie L. 2010). Due to
electrostatic repulsions and small particle size these solids can remain suspended in water
over long periods of time. The use of a flocculant can increase the removal of these
contaminants and has been suggested to increase filterability and enhance efficiency in
disinfectant treatments (Jiang, Jai-Qian 2001). The main objective of flocculation
treatment is to aggregate small particles and form large flocs which can then be removed
via settling, flotation, or filtration (Bolto, Brian and Gregory, John 2007; Davis,
Mackenzie L. 2010).
Flocculants have reportedly been used for as many as two to three thousand years.
Direct use for water treatment began commercially in the past few centuries introducing
flocculants to full-scale water treatment plants (Bratby, John 2006; Davis, Mackenzie L.
2010). As flocculants began to be more widely used in commercial settings, research
studies began to focus on their use and the mechanisms behind their ability to separate
suspended solids from water. Many theories concerning particle aggregation have arisen
dating as far back as 1917 (Jiang, Jai-Qian 2001). One of the best supported theories
focuses on the relationship between surface charges found on particles in suspensions and
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the ability of these interactions to retain colloids suspended in water for long periods of
time (Hiemenz, Paul C. and Rajagopalan, Raj 1997; Hunter, Robert J. 2001).

1.3.1 Colloids and Flocculation Mechanisms

One of the most important characteristics in colloidal suspensions is the surface
charge of the particle and how this charge interacts with ions and other particles in the
surrounding fluid (Bratby, John 2006; Davis, Mackenzie L. 2010). In suspensions where
particles have a surface charge, ions naturally in the solution are attracted to the particle
and form the electrical double layer (Figure 1.1).
If the particle is negatively charged, as shown in the example in Figure 1.1,
positive ions from the surrounding solution adhere to or surround the particle. The area of
concentrated positive charge surrounding the particle is the stern layer, and is the inner
most layer of the double layer (Figure 1.1). As distance away from the particle increases,
positive ions maintain an attraction to the negative particle but are repelled by the stern
layer, as well as other approaching positive ions. The combination of this attraction and
repulsion results in the diffuse layer. From the particle surface outwards, the stern layer
contains a decreasing amount of positively charged ions until equilibrium with the
solution is attained (Montgomery, J.M. 1985; Hiemenz, Paul C. and Rajagopalan, Raj
1997; Hunter, Robert J. 2001; Parsons, S. A. and Jefferson, B. 2006; Davis, Mackenzie L.
2010). This gradient of charge is demonstrated in Figure 1.1 by the darkness gradient of
the grey shells around the particle.

6

Figure 1.1. Illustration of the double layer made up of the stern and diffused layers. The
darkness of the grey areas surrounding the particle indicate the density of the charged
cations surrounding the negatively charged particle (Montgomery, J.M. 1985; Hiemenz,
Paul C. and Rajagopalan, Raj 1997; Hunter, Robert J. 2001; Parsons, S. A. and Jefferson,
B. 2006; Davis, Mackenzie L. 2010).
Despite their similar charges, molecular attraction between solid particles in the
solution still exists through van der Waals forces. This attraction is counteracted by
electrostatic repulsive forces caused when the double layers surrounding each particle
overlap. When the repulsive forces overcome the attractive forces, particles can stay
suspended in solutions for extended periods of time due to their small mass and the
movement of the fluid surrounding them. Flocculants are exploited for their ability to
remove suspended solids quickly by allowing the attractive forces between particles to
play a more dominant role than the repulsive forces. When this occurs, particles
aggregate reaching a mass where Brownian motion no longer retains them in solution.
Although some particles will settle out eventually on their own, the establishment of flocs
can increase sedimentation rates drastically (Montgomery, J.M. 1985; Parsons, S. A. and
7

Jefferson, B. 2006). Flocculation aids can be used in conjunction with primary
flocculants to help stabilize flocs and further decrease settling times.
One of the earliest theories that offered quantitative analysis of the electrostatic
barriers in suspended particle removal was developed separately by Deryagin and Landau
in 1941, and Verwey and Overbeek in 1948. This theory, referred to as the DLVO-theory,
assesses the attractive van der Waals forces and electrostatic repulsions occurring
between particles with the same charge. These forces are quantified in terms of the
distance between the interacting particles. It is demonstrated through this theory that,
depending on the particle and surface charge, a significant energy barrier may exist which
prevents the particles from approaching each other close enough to aggregate. These
energy barriers are overcome with chemical additives, termed flocculants. Flocculants act
to either reduce the charge on the surface of the particle allowing particles to approach
each other more closely or by acting as a bridge between particles (Fitzpatrick, Caroline
S. and Gregory, John 2003).
The mechanisms and interactions between particles and flocculants that cause
particle precipitation and sedimentation are often studied in an attempt to better
understand and tailor the conditions to work best in the intended application. Flocculation
mechanisms have been categorized into four main groups including charge neutralization,
sweep coagulation, bridging, and electrical double layer compression (Hendricks, D. W.
2006; Davis, Mackenzie L. 2010).
Charge neutralization involves the addition of flocculants with a strong ionic
charge to contaminated water. The flocculant adsorbs onto the surface of the particle
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reducing its surface charge and increasing the particles ability to aggregate (Bowman,
Dwight D. and Federation, Water Environmental 2009; Davis, Mackenzie L. 2010).
Sweep coagulation, also known as precipitate enmeshment, utilizes metal salts
that react with water molecules to form metal hydroxide precipitates. The metal
hydroxides entrap and remove contaminants. This method is commonly used, although
additional considerations are needed as metal salts affect the pH of the water and can
sometimes result in unwanted coloring (Jiang, Jai-Qian 2001; Davis, Mackenzie L.
2010).
Bridging occurs when the flocculant utilized has the ability to adsorb multiple
particles onto its surface at the same time. By linking multiple contaminant particles
together large aggregates are formed which settle out of the water. Forces resulting from
charge-charge interactions, dipole attractions, hydrogen bonding, and/or van der Waals
forces are shown to be responsible for particle-flocculant bridging interactions (Davis,
Mackenzie L. 2010).
Double layer compression, like charge neutralization, acts by reducing repulsive
forces between particles. By increasing the ionic strength of the surrounding solution the
double layer around the particle is forced to compress allowing attractive forces to play a
more dominant role. When this occurs particles form aggregates following collisions
caused by their natural movement in solutions. Although a very common occurrence in
flocculated systems, this method is considered too slow to act alone in water treatment
(Hiemenz, Paul C. and Rajagopalan, Raj 1997; Hunter, Robert J. 2001; Jiang, Jai-Qian
2001; Bowman, Dwight D. and Federation, Water Environmental 2009; Davis,
Mackenzie L. 2010).
9

1.4 Conventional Industrial Flocculants

The most commonly used flocculants in industrial water treatment today include
inorganic metal salts, such as aluminum sulfate (alum) and ferric chloride, and synthetic
organic polymers such as polyacrylamide (Salehizadeh, H. and Sojaosadati, S.A 2001).
Inorganic metal salts have been well established as flocculants in water treatment
and have been utilized since the early 20th century (Gregory, John and Duan, Jinming
2001; Jiang, Jai-Qian 2001). The main inorganic salts used include aluminum sulfate
(alum, Al2(SO4)3∙nH2O), and ferric chloride (FeCl3). Other sources of Al3+ and Fe3+ have
also been studied including aluminum chloride, sodium aluminate, aluminum
chlorohydrate, ferric sulfate, ferrous sulfate, ferric chloride sulfate, and poly ferric sulfate
(PFS) among others (Bratby, John 2006). These flocculants operate primarily due to the
hydroxyl groups that are formed when metal cations are added to water. The type of
hydrolysis products formed relies heavily on the solution pH. Some of the most impactful
hydroxyl groups have positive charges that interact with the negative surfaces found on
most suspended particles. The mechanisms believed to be responsible for the removal of
suspended solids with alum and ferric chloride have been identified as charge
neutralization and/or sweep coagulation caused by metal hydroxides (Van Benschoten,
John E. and Edzwald, James K. 1990; Gregory, John and Duan, Jinming 2001; Jiang, JaiQian 2001; Fitzpatrick, Caroline S. and Gregory, John 2003).
Charge neutralization occurs when the hydrolysis products formed with aluminum
and iron cations adhere to the negatively charged surfaces of the particles that are in the
suspension. This acts in reducing the electrostatic repulsive forces occurring between the
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particles allowing the attractive van der Waals forces to play a more dominant role. The
use of aluminum and iron salts has been shown to be effective in the flocculation of
bacteria, clays, and many other suspended contaminants suggesting that there could be a
variety of adsorption mechanisms. Previous studies have demonstrated that optimal
concentrations exist at which the charges on the particle surfaces will become completely
neutralized. With addition of inorganic metal flocculants that exceed this limit overdosing
and charge reversal is likely to occur. Therefore, it is acceptable to assume that the need
for control over flocculation dose and the requirement of particle collisions for charge
neutralization to be optimally effective, are two disadvantages of this form of treatment
method (Gregory, John and Duan, Jinming 2001; Fitzpatrick, Caroline S. and Gregory,
John 2003).
Sweep coagulation has also been suggested as a possible alternative or concurrent
mechanism of removal in water treated with metal salts. In this case it is believed that the
metal hydroxides form precipitates that the suspended particles can become embedded in,
causing them to settle from the solution. In order to take advantage of this flocculation
mechanism large quantities of metal addition are required. However, if optimal doses are
used sweep coagulation using metal hydroxides could result in higher particle removal
than charge neutralization alone (Gregory, John and Duan, Jinming 2001).
In addition to inorganic metal salts, synthetic organic polymers have also been
actively used as flocculants in mineral processing and water treatment applications.
Polymers frequently used include cationic, nonionic, and anionic polyacrylamide with
high molecular weights (>105 ) (Peng, Felicia F. and Di, Pingkuan 1994). It is estimated
that polymers have been utilized in water treatment for the past forty years. Polymers
11

offer several advantages over inorganic metal salts including lower flocculation doses
required for optimal removal, smaller sludge volumes, less increases in ionic content of
the water, and potential savings in cost of up to 30% for some applications (Bolto, Brian
and Gregory, John 2007). In solution, polymers form a coil configuration with the size
depending on the molecular weight of the polymer being used. Such configurations
provide large surface areas for interactions with suspended particles. Previous studies
have demonstrated that the main flocculation mechanisms utilized by these polymers are
charge neutralization and/or bridging, although most studies focus on polymer bridging
(Peng, Felicia F. and Di, Pingkuan 1994; Bolto, Brian and Gregory, John 2007).
In polymer treated systems where charge neutralization is intended as the major
flocculation mechanism, the use of polymers which have a high positive charge are added
to suspensions. These polymers create what has been termed “electrostatic patches” of
positive charge where the polymer coils have attached to the particle surface. This results
in areas of positive charge as well negative charge on the surface of the particle allowing
for interactions. It is suggested that flocs formed through this mechanism are most likely
not as stable as those formed through polymer bridging (Bolto, Brian and Gregory, John
2007).
Polymer bridging is highly likely in situations with long chain polymers as many
adsorption sights are available for the particles in the solution. Once adhered to a particle,
the exposed “loops”, which are segments of polymers connected on either side to the
particle, can remain extended into solution. Additionally, the ends of the polymers, called
“tails”, also remain in solution. Under the right conditions, these “loops” and “tails”
allow for additional particle adsorption. This type of interaction causes the formation of
12

molecular bridges between particles creating large flocs, increasing mass and causing
sedimentation (Bolto, Brian and Gregory, John 2007).
Several factors have been determined to influence performance of polymer
flocculants such as the polymer’s molecular weight and its ionic charge, the pH and
temperature of the solution, and the concentration of the flocculation agent (Peng, Felicia
F. and Di, Pingkuan 1994).

1.5 Currently Investigated Natural Flocculants

Concerns regarding the cost, availability and non-biodegradability of inorganic
metal salts and polymeric flocculants have led to the widespread study of natural
alternatives. Natural flocculants offer many benefits including low production and use
expenses, safe biodegradability, and acceptance by communities in which they are found.
Some of the natural flocculants currently being researched today include microbial
byproducts and plant based materials.
Flocculation resulting from the extracellular matrix of microorganisms was first
observed by Louis Pasteur in 1876 while working with cultures of Levure casseeuse yeast
(Salehizadeh, H. and Sojaosadati, S.A 2001). Since Pasteur’s initial observation, at least
52 microorganisms including algae, yeast, fungi, and bacteria have been identified as
potential sources of natural flocculants. These flocculants are biopolymers isolated from
growth media that can be used for the removal of suspended solids (Salehizadeh, H. and
Sojaosadati, S.A 2001).
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In general, the microorganism being used is grown in culture media for an
extended period of time. As the organism grows, it consumes nutrients from the media
while secreting byproducts (secretion time varies with cell type), such as glycoproteins,
polysaccharides, cellulose, nucleic acids, and proteins (Salehizadeh, H. and Sojaosadati,
S.A 2001; Lian, Bin, Chen, Ye et al. 2008). In order to isolate these materials the cell
suspension is centrifuged resulting in a cell pellet and supernatant consisting of the
remaining media and extracellular matrix products. The flocculant is then precipitated
from the media using ethanol. Once precipitated, the flocculant is often washed in ethanol
before being dehydrated (Kurane, Ryuichiro, Hatamochi, Kazuhiro et al. 1994; Kurane,
Ryuichiro, Hatamochi, Kazuhiro et al. 1994; Yokoi, H., Natsuda, Osamu et al. 1995;
Yokoi, H., Arima, T. et al. 1996; Choi, Chang Won, Yoo, Soon-Ae et al. 1998; Shih, I.L.,
Van, Y.T. et al. 2001; Zhang, J., Wang, R. et al. 2002; Lian, Bin, Chen, Ye et al. 2008;
Li, Zhong, Chen, Rho-Wei et al. 2009). The composition of the extracellular material,
used here as a natural flocculant, is influenced by a variety of factors including the
microorganism’s genotype, the composition of the available media, pH, growth
temperature, and agitation speed. If all of these variables are optimized a more effective
flocculant may be obtained (Salehizadeh, H. and Sojaosadati, S.A 2001).
Several species of bacteria have been identified as possible bioflocculant sources
including Bacillus (Yokoi, H., Natsuda, Osamu et al. 1995; Yokoi, H., Arima, T. et al.
1996; Shih, I.L., Van, Y.T. et al. 2001; Lian, Bin, Chen, Ye et al. 2008; Li, Zhong, Chen,
Rho-Wei et al. 2009), Rhodococcus erythropolis (Takeda, Minoru, Kurane, Ryuichiro et
al. 1991; Kurane, Ryuichiro, Hatamochi, Kazuhiro et al. 1994; Kurane, Ryuichiro,
Hatamochi, Kazuhiro et al. 1994), Enterobacter sp. (Yokoi, H., Yoshida, T. et al. 1997),
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Alcaligenes cupidus KT201 (Toeda, Kazuki and Kurane, Ryuichiro 1991), Sorangium
cellulosum (Zhang, J., Wang, R. et al. 2002), and Anabaena sp. (Choi, Chang Won, Yoo,
Soon-Ae et al. 1998).
In many cases, it is of value to study the chemical composition of the flocculant
agent as this could provide insight on the mechanism and component that is responsible
for flocculation. Table 1.1 provides compositions determined in some biopolymer
flocculants produced by bacteria.

Table 1.1. Overview of several microbial flocculant compositions.
Overview of Microbial Flocculant Compositions
Flocculant
Source
Bacillus
subtilis1

Bacillus
mucilaginosus3

Bacillus
lichenformis5

Bacillus
circulans7

Rodococcus
erythropolis9

Flocculant
Source

Composition
 Sugars: very small amount
 Proteins: none
 Amino Acids: γ-glutamic acid

Entrobacter
sp.2

 Sugars: rhamnose, xylose,
sorbose, glucose, galactose
 Proteins: very small amount

Alcaligenes
cupidus
KT201 4

 Sugars: < 1%
 Sugar Derivatives: < 1%
 Amino Acids: γ-Glutamic acid

Sorangium
cellulosum6

 Sugars: 93.2 % (w/w): galactose,
mannose, xylitol, rhamnose
 Sugar Derivatives: uronic acid
(19.8%), pyruvic acid (6.5%),
acetic acid (0.7%)
 Proteins: 6.4%
 Sugars: glucose, rhamnose
 Lipid bioCoagulant

1

Anabaena
sp.8

Composition
 Sugars: glucose, galactose,
zylose
 Sugar Derivatives:
galacturonic acids up to 13%
 Proteins: up to 23%
 Sugars: 72.25%: glucose
(42.57%), galactose (36.38%)
 Sugar Derivatives: 21.9%
uronic acids: glucuronic acid
(8.52%), acetic acid (10.3%)
 Sugars: 58.5%: glucose
(51.3%), galactose (36.38%)
 Sugar Derivatives: uronic
acids (10%)
 Proteins: 38.3%
 Sugars: 63%
 Sugar Derivatives: uronic
acids (5%)
 Proteins: 12%

(Yokoi, H., Natsuda, Osamu et al. 1995; Yokoi, H., Arima, T. et al. 1996), 2(Yokoi, H., Yoshida, T. et al. 1997,)
(Lian, Bin, Chen, Ye et al. 2008), 4(Toeda, Kazuki and Kurane, Ryuichiro 1991), 5(Shih, I.L., Van, Y.T. et al.
2001), 6(Zhang, J., Wang, R. et al. 2002), 7(Li, Zhong, Chen, Rho-Wei et al. 2009), 8(Choi, Chang Won, Yoo,
Soon-Ae et al. 1998), 9(Kurane, Ryuichiro, Hatamochi, Kazuhiro et al. 1994; Kurane, Ryuichiro, Hatamochi,
Kazuhiro et al. 1994)
3
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The most commonly studied components found in flocculants produced by
microorganisms include sugars, sugar derivatives, proteins, and amino acids (Table 1.1).
The results provided by composition analysis show that most of the bioflocculants
contain high quantities of sugar and sugar derivatives such uronic acids. In this case, only
Bacillus subtilis and Bacillus mucilaginosus did not contain high sugar content and were
instead composed of γ-Glutamic acid. It is speculated that the presence of charged groups
on the sugars, sugar derivatives and amino acids play an integral role in the biopolymer’s
ability as a natural flocculant. Additionally, with large surface structures for suspended
particles to adhere to, bridging will likely occur. Many organic materials share
compositions similar to bioflocculants from microbial extracellular matrices and could
hold similar potential as flocculants.
The flocculation efficiency of the biopolymers is commonly tested using kaolin
suspended in deionized water with final concentrations of 3 to 5 g/L. Flocculation activity
(FA), which normalizes the experimental removal with the control, is often reported as a
measurement of efficiency. Flocculation activity is calculated as defined below (Toeda,
Kazuki and Kurane, Ryuichiro 1991; Kurane, Ryuichiro, Hatamochi, Kazuhiro et al.
1994; Yokoi, H., Natsuda, Osamu et al. 1995; Shih, I.L., Van, Y.T. et al. 2001; Zhang, J.,
Wang, R. et al. 2002; Li, Zhong, Chen, Rho-Wei et al. 2009).

Published results show that the addition of cations (monovalent, divalent and
trivalent) along with microbial flocculants can significantly alter the FA. In some cases, it
is reported that cation addition is necessary to promote flocculation and/or removal
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(Takeda, Minoru, Kurane, Ryuichiro et al. 1991; Kurane, Ryuichiro, Hatamochi,
Kazuhiro et al. 1994; Kurane, Ryuichiro, Hatamochi, Kazuhiro et al. 1994; Zhang, J.,
Wang, R. et al. 2002). The most commonly studied cations include: Na+, K+, Ca2+, Mg2+,
Fe3+, and Al3+ added with source solutions of NaCl, KCl, CaCl2, MgCl2, FeCl3, and
Al2(SO4)3. Most reports suggest that the addition of monovalent cations (Na+, K+) only
slightly increases kaolin removal while cations with higher charges have more substantial
impacts (Takeda, Minoru, Kurane, Ryuichiro et al. 1991; Toeda, Kazuki and Kurane,
Ryuichiro 1991; Kurane, Ryuichiro, Hatamochi, Kazuhiro et al. 1994; Yokoi, H.,
Natsuda, Osamu et al. 1995; Yokoi, H., Arima, T. et al. 1996; Yokoi, H., Yoshida, T. et
al. 1997; Choi, Chang Won, Yoo, Soon-Ae et al. 1998; Li, Zhong, Chen, Rho-Wei et al.
2009). Whether divalent cations provided higher FA than trivalent cations, was found to
vary based on reported bacteria source. A general overview of the test parameters, cation
effects, optimal flocculant concentration, and mechanism suggested by the authors are
provided in Table 1.2 for several microbial flocculants.
In nearly all of the studies presented in Table 1.2, the addition of Ca2+ combined
with the bioflocculant increased the FA, indicating higher kaolin removal rates. Optimal
Ca2+ concentrations were reported between 9 and 10 mM above which a steady removal
was maintained (Toeda, Kazuki and Kurane, Ryuichiro 1991; Kurane, Ryuichiro,
Hatamochi, Kazuhiro et al. 1994; Kurane, Ryuichiro, Hatamochi, Kazuhiro et al. 1994;
Yokoi, H., Natsuda, Osamu et al. 1995; Yokoi, H., Arima, T. et al. 1996; Choi, Chang
Won, Yoo, Soon-Ae et al. 1998; Shih, I.L., Van, Y.T. et al. 2001; Li, Zhong, Chen, RhoWei et al. 2009).
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Table 1.2. Overview of microbial bioflocculant results.
Overview of Microbial Flocculants
Flocculant
Source

Kaolin
Conc. (g/L)

Cation Effects on Removal

Optimal
Conc.

Potential Mechanism

Bacillus
subtilis1

4.65

Increased: Ca2+, Mg2+, K+
Decreased: Fe3+, Al3+

20 ppm

N/A

5

N/A

N/A

Bridging and Charge
Neutralization

5

Increased:Ca2+
Decreased: Al3+

3.7 ppm

N/A

Bacillus
circulans4

4

Increased: Ca2+, Fe3+, Al3+

N/A

N/A

Rhodococcus
erythropolis5

4.4, 5

Increased: Ca2+, Al3+
(Necessary)

15-20 ppm

N/A

N/A

Bridging and Charge
Neutralization

N/A

Bridging and Charge
Neutralization

Bacillus
mucilaginosu
s2
Bacillus
lichenformis3

Entrobacter
sp.6
Alcaligenes
cupidus
KT2017
Sorangium
cellulosum8
Anabaena sp9

4.65
5

Increased: Ca2+, Al3+, Fe3+
No effect: K+, Na+
Increased: Ca2+, Mg2+, Al3+,
Fe3+
No effect: K+, Na+

4.95

Increased: Fe3+ (necessary)

20 ppm

N/A

3

Increased: Na+, Mg2+, Ca2+,
Li, Zn

N/A

N/A

1

(Yokoi, H., Natsuda, Osamu et al. 1995; Yokoi, H., Arima, T. et al. 1996), 2(Lian, Bin, Chen, Ye et al. 2008)
(Shih, I.L., Van, Y.T. et al. 2001), 4(Li, Zhong, Chen, Rho-Wei et al. 2009), 5(Kurane, Ryuichiro, Hatamochi,
Kazuhiro et al. 1994; Kurane, Ryuichiro, Hatamochi, Kazuhiro et al. 1994), 6(Yokoi, H., Yoshida, T. et al. 1997,),
, 7(Toeda, Kazuki and Kurane, Ryuichiro 1991), 8(Zhang, J., Wang, R. et al. 2002), 9(Choi, Chang Won, Yoo,
Soon-Ae et al. 1998)
3

In results where Al3+ and Fe3+ were shown to increase the activity of the
flocculant, optimal concentrations were demonstrated to be lower (10%) than those
required for Ca2+. For example, the benefits of divalent cations and the importance of
cation concentration is shown in results reported using bioflocculants isolated from
Enterobacter sp. At lower cation concentrations (0.1 mM), Fe3+ and Al3+ were more
effective in increasing the flocculant’s ability compared to other cations (K+, Na+, Mg2+,
Fe2+ and Ca2+). With the addition of 0.1 mM of Fe3+ and Al3+ combined with 40 mg/L of
bioflocculant, flocculation activities of approximately 1.2 and 1.3 were reported.
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However, when a higher cation concentration (10 mM) was used, Al3+ and Fe3+ had little
to no influence on removal. Under these conditions, Ca2+ and Mg2+ were reported to have
a significant impact. With 10 mM of Ca2+ and Mg2+ combined with 40 mg/L of
bioflocculant, flocculation activities as high as approximately 3.1 and 1.6 were reported.
These results show that when divalent cations are used at the appropriate concentrations,
the flocculation activity can as much as double in value compared to that achieved with
optimal concentrations of trivalent cations. In this study, monovalent cations (K+ and
Na+) showed no effect on removal at 0.1 mM, but caused slight increases at
concentrations of 10 mM. (Yokoi, H., Yoshida, T. et al. 1997).
Although the need for higher concentrations of divalent cations compared to
trivalent cations has been repeatedly reported, the ability to use them over trivalent
cations could offer some benefits. For example, in studies using flocculants from Bacillus
circulans, it was shown that the addition of Fe3+ produced “gelatinous precipitates” that
were difficult to remove. The addition of Al3+ increased FA but it was avoided due to
environmental concerns. In this study, Ca2+ was suggested for use (Li, Zhong, Chen, RhoWei et al. 2009).
In studies performed with biopolymer flocculants produced by Rhodococcus
erythropolis, Ca2+ was introduced to the flocculant prior to kaolin treatment which
resulted in a decrease in FA. This indicates that the order of treatment addition could
impact the flocculation of suspended particles. These findings also suggest that the
interaction between the cation and the system does not only apply to the kaolin particles,
but also to the flocculant itself.
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The results discussed thus far focus on the removal of kaolin from deionized
water and general trends were similar in nature regardless of flocculant source. In studies
published using flocculants from Rhodococcus erythropolis, soil suspensions, india ink
and plankton were also used as model contaminants. In these studies positive removal for
all suspensions were determined to depend on the addition of Ca2+ (Kurane, Ryuichiro,
Hatamochi, Kazuhiro et al. 1994; Kurane, Ryuichiro, Hatamochi, Kazuhiro et al. 1994).
These results suggest that the knowledge acquired regarding cation addition can be
extended to particles other than kaolin. Using flocculants isolated from Alcaligenes
cupidus KT201 cultures, the removal of activated carbon powder was reported to react
differently to cations (particularly Al3+). These results suggest that different contaminants
may require different cation addition to make the flocculant beneficial.
Several suggestions regarding the mechanism used by microbial flocculants were
provided in literature. In studies with Bacillus mucilaginosus no FA data was provided
but the possibility of bridging and charge neutralization was discussed. This idea was
developed from transition electron microscope (TEM) images revealing flocculant
interlaced with kaolin particles and a lack of individual particles in solution (Lian, Bin,
Chen, Ye et al. 2008). This was also suggested to be the case with Alcaligenes cupidus
KT201 flocculants (Toeda, Kazuki and Kurane, Ryuichiro 1991). In studies of flocculants
produced by Enterobacter sp., the possibility that the ions are neutralizing and stabilizing
residual charges on galacturonic acids found in the polymer allowing bridging with
kaolin particles was also discussed (Yokoi, H., Yoshida, T. et al. 1997)
Plants and their components have also gained a great deal of attention from the
scientific community due to their natural occurrence and biodegradability. The
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application of plant based materials as natural flocculants has been studied due to their
low cost, abundance, and availability. Some of the most commonly studied plants include
fruit peels (for their pectin components) and seeds from plants such as the Moringa
Oleifera,
Pectin is a complex polysaccharide contained in the cell walls of many plants.
Pectin is active in binding plant cells together, play an integral role in the plants growth,
increase plant hydration, and have been suggest to be a factor in texture of the fruit or
vegetable (Jarvis, Michael C. 1984; Thakur, Beli R., Singh, Rakesh K. et al. 2009). Their
structure has been determined to consist of a D-galacturonic acid linear backbone with α(1→4) carbon linkage with possible integration of dispersed rhamnose. In some areas,
side chains, primarily composed of neutral sugars such as L-rhamnose with (1→2)
linkage, branch off of the linear backbone (Jarvis, Michael C. 1984; Willats, William
G.T., McCartney, Lesley et al. 2001; Piriyaprasarth, Suchada and Sriamornsak, Pornsak
2011). Pectin can be isolated from a variety of fruits and vegetables including apples,
tomatoes apricots, bananas, beans, blackberries, strawberries carrots, grapes, grapefruits,
lemons, oranges, raspberries, squash, lychees, mangos, papaya, peaches, pineapple, beet
pulp, sweet potatoes, and many more (Jarvis, Michael C. 1984; Baker, Robert A. 1997).
Although there are numerous sources, pectin from apples and citrus peels are commonly
used in industrial applications due to their molecular size and degree of esterification
(Thakur, Beli R., Singh, Rakesh K. et al. 2009; Piriyaprasarth, Suchada and Sriamornsak,
Pornsak 2011).
Current industrial uses of pectin include use as an additive in the food industry as
a gelling agent, thickener, emulsifier, stabilizer, and for texture. Pectin can be found in
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high concentrations in jellies, frozen foods such as ice pops, pudding desserts, and even
dietary soft drinks and barbecue sauces. Pectin is also used in the pharmaceutical industry
where it has been shown to decrease blood cholesterol levels, remove metals such as lead
and mercury from organs in the gastrointestinal and respiratory tracts, addition to wounds
to decrease blood coagulation time, and to treat diarrhea diseases (Thakur, Beli R., Singh,
Rakesh K. et al. 2009). Due to their previously studied properties, and their commercial
exploitation as a binding and gelling agent, studies of pectin as a flocculation tool have
arisen.
In studies using pectin extracted from apple peels, flocculation abilities were
evaluated using kaolin (5 g/L), activated carbon, acid clay, cellulose and yeast (with OD
= 1.4) suspended in deionized water. In these studies the flocculant efficiency was
measured using flocculation activity (FA) as discussed previously with microbial
flocculants. Flocculant use without the addition of cations provided no kaolin removal.
Using 5 mM of Al3+, Fe3+, Fe2+ in addition to 20 mg/L of pectin, slight increases in FA
were reported. Studies using Ca2+, Mg2+, Na+, and K+ showed no increase in flocculation.
It was determined that with 15 mg/L of pectin, 0.2 mM was the optimal concentration of
Al3+, Fe3+. These results are comparable to microbial bioflocculants in that both require
cations to produce effective flocculation although the direct impact and concentrations
differ. The authors suggest that the addition of Al3+ and Fe3+ neutralize the pectin
allowing for bridging to occur. In studies where pectin concentration ranges were studied
(Fe3+ concentration held constant at 0.2 mM), the highest FA occurred with 30 mg/L. As
pectin concentration increased the FA increased, reached a peak (at 40 mg/L), and then
began decreasing. Similar results were observed when the pectin (with Al3+ and Fe3+) was
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used to aggregate activated carbon and acid clay. Increases in FA with the addition of
Fe3+ and pectin were also seen in suspensions of organic materials. The cation
dependence and response demonstrated in this study is very similar to that described in
microbial flocculant studies. This is potentially due to their similarities in composition as
both contain high concentrations of polysaccharides (Yokoi, Haruhiko, Obita, HT. et al.
2002).
The Moringaceae family of plants can be found in many tropical and subtropical
climates throughout the world. The most abundant and widespread of these plants is the
Moringa Oleifera. Although native to the Himalayan tracts, India, Pakistan, Asia Minor,
Africa, and Arabia, the Moringa Oleifera has spread worldwide and can currently be
found in the Philippines, Cambodia, Central America, North and South America, as well
as the Caribbean Islands (Ndabigengesere, Anselme, Narasiah, K. Subba et al. 1995;
Ndabigengesere, Anselme and Narasiah, K. Subba 1997; Anwar, Farooq, Latif, Sajid et
al. 2007). The Moringa Oleifera tree grows to heights ranging from 5 to 10 meters. The
leaves, fruits, flowers, and pods grown by the tree have been commonly used as
vegetable food sources, especially in India, Pakistan, Philippines, Hawaii, and Africa
(Ndabigengesere, Anselme, Narasiah, K. Subba et al. 1995; Ndabigengesere, Anselme
and Narasiah, K. Subba 1997; Anwar, Farooq, Latif, Sajid et al. 2007). Additional
applications of the plant include medicinal uses such as the treatment of inflammation,
and cardiovascular, and gastrointestinal ailments (Anwar, Farooq, Latif, Sajid et al.
2007). It has also been indicated that the seeds from the Moringa have been utilized by
women in rural areas of Sudan to treat water collected from the Nile river due to a fear of
gastrointestinal problems and Alzheimer’s disease from alum (Ndabigengesere, Anselme,
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Narasiah, K. Subba et al. 1995; Ndabigengesere, Anselme and Narasiah, K. Subba 1997;
Anwar, Farooq, Latif, Sajid et al. 2007).
As many as fourteen species of Moringaceae have been identified and all have
been determined to hold flocculation potential, although most studies focus on the seeds
from the Moringa Oleifera (Ndabigengesere, Anselme and Narasiah, K. Subba 1997).
The extract has been characterized previously and is reported to be composed primarily
of dimeric proteins. Many of the published studies examine the flocculation of kaolin and
bacteria suspensions (Ndabigengesere, Anselme, Narasiah, K. Subba

et al. 1995;

Ndabigengesere, Anselme and Narasiah, K. Subba 1997; Ghebremichael, Kebreab A.,
Gunaratna, K.R. et al. 2005; Anwar, Farooq, Latif, Sajid et al. 2007; Pritchard, M.,
Craven, T. et al. 2010).
Studies using extract from Moringa Oleifera seeds as a flocculant to treat kaolin
suspensions with turbidities ranging from 76 to 426 NTUs have been reported
(Ndabigengesere, Anselme, Narasiah, K. Subba et al. 1995; Ndabigengesere, Anselme
and Narasiah, K. Subba 1997; Okuda, Tetsuji, Baes, Aloysius U. et al. 1999; Okuda,
Tetsuji, Baes, Aloysius U. et al. 2000; Ghebremichael, Kebreab A., Gunaratna, K.R. et al.
2005). In studies using kaolin turbidity of 105 NTU, 90% turbidity reduction was attained
with the addition of 500 mg/L of the flocculant. Similar removal was obtained with the
addition of 50 mg/L of alum. Final turbidities of 10 NTU were reported and filtration of
the flocculated particles was suggested (Ndabigengesere, Anselme and Narasiah, K.
Subba 1997). In other studies evaluating turbid waters (76-110 NTU) alum outperformed
the extract with faster settling rates and lower residual turbidities. In tests with high
kaolin turbidity (250-300 NTU), 15 mg/L of extract performed very similarly to alum
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(Ghebremichael, Kebreab A., Gunaratna, K.R. et al. 2005). In tests measuring removal of
5, 10, 25 and 50 mg/L of suspended kaolin, Moringa Oleifera extract was able to reduce
concentrations to less than 0.5 mg/L regardless of initial concentration when optimal
flocculant doses were used (Okuda, Tetsuji, Baes, Aloysius U. et al. 1999; Okuda,
Tetsuji, Baes, Aloysius U. et al. 2000).
In studies using Moringa Oleifera extract to flocculate E. coli D31, E. coli K12,
Pseudomonas aeruginosa, Bacillus thuringiensis Bt7 and Bt75 (all at a diluted OD =
0.2), cell removal of 1.1 log (E. coli D31) and 4 log reductions (E. coli K12, B.
thuringiensis, and P. aeruginosa) were determined. Visible cell aggregation in solution
was reported only in suspensions of E. coli and B. thuringiensis, although reduction in
cell count was observed for other suspended bacteria strains (Ghebremichael, Kebreab
A., Gunaratna, K.R. et al. 2005). In studies focused on mixed contaminants, 140-175
NTU of kaolin was mixed with 1-3x104 cells/100mL of E. coli and treated with Moringa
Oleifera extract. The residual turbidity was measured and final cell counts were
conducted post sedimentation studies. With treatment concentrations of 20, 50 and 125
mg/L of flocculant, turbidity and cell reductions of 59% and 52% (20 mg/L), 83.7% and
88% (50 mg/L), and 74% and 84% (125 mg/L) were determined. Treatment with 50
mg/L alum demonstrated more effective removal with turbidity reductions of 99.5% and
99.8% bacteria removal. Secondary treatment with a muslin cloth and sand filter were
also tested in an attempt to increase cell removal. Flocculated suspensions were poured
through the desired filter then turbidity and cells were reassessed. Muslin cloth was not
reported to cause a significant difference. However, sand filtration tests provided
approximately 10% higher removal than flocculation tests alone (Pritchard, M., Craven,
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T. et al. 2010). The active components of the Moringa Oleifera are reported to be cationic
peptides. The major flocculation mechanism suggested is charge neutralization
(Ndabigengesere, Anselme, Narasiah, K. Subba et al. 1995; Ndabigengesere, Anselme
and Narasiah, K. Subba 1997; Okuda, Tetsuji, Baes, Aloysius U. et al. 1999; Okuda,
Tetsuji, Baes, Aloysius U. et al. 2000; Miller, Sarah M., Fugate, Ezekiel J. et al. 2008).
Other natural flocculants aside from microbial byproducts and plant based
materials have also been identified such as chitosan. Chitosan is biopolymer composed of
D-glucosamine and N-acetyl-D-glucosamine (Renault, F., Sancey, B. et al. 2009). Chitin,
the base of chitosan, is obtained from crustaceans including shrimps and crabs and has
used in industrial applications ranging from pharmaceuticals to agricultural uses (Strand,
Sabina P., Varum, Kjell M. et al. 2003; Renault, F., Sancey, B. et al. 2009). In studies
using chitosan as a natural flocculant, removal has been observed in suspensions of
organic and inorganic matter, metals, bacteria, and oil suspensions (Renault, F., Sancey,
B. et al. 2009).
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CHAPTER 2: THE OPUNTIA FICUS-INDICA CACTUS

2.1 Prevalence and Uses

The Opuntia ficus-indica cactus, also known as the Nopal or Prickly Pear, is
found in areas throughout the globe that offer dry arid climates including Mexico,
Argentina, Peru, Bolivia, Brazil, Chile, Algeria, the United States, Spain, Italy, Africa,
Israel, and South Africa (Griffith, M. Patrick 2004; Saenz, C., Spulveda, E. et al. 2004).
A case study surveying a Nopal farm just outside of Mexico City reported vegetation
production (dry weight) from the plant to be as much as 20,000-50,000 kg/(ha*yr) (1 ha =
1 hectare = 10,000 m2) in established plantations. First crop harvests are reportedly
possible as early as 2 to 3 months after planting (Russell, Charles E. and Felker, Peter
1987).
The pads (nopalitos) and fruit (tunas) have been consumed as a food source by
communities for as many as 12,000 years, particularly in Mexico and southern Texas
(Charles E. Russell, Peter Felker 1987; Griffith, M. Patrick 2004). Since the cactus grows
abundantly in many areas and is currently used as a food source, the pads and fruit can be
found at many local markets and are generally inexpensive (Griffith, M. Patrick 2004).
Figure 2.1 shows the tunas and pads from the Opuntia ficus-indica for sale at the Red
Barn Flea Market in Bradenton, Florida. The fruits are sold three for a dollar and the
pads, which contain mucilage utilized in this study, are sold five for a dollar.
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Figure 2.1. Tunas and pads from the Opuntia ficus-indica cactus for sale at the Red Barn
Flea Market in Bradenton, FL, USA.

In addition to use as a food source, the cactus has also served many other uses in
communities including application as a binding agent in earthen walls, and as a treatment
for medical ailments, such as whooping cough, diabetes, rheumatism, and prostate
complications (Majdoub, H., Roudesli, S. et al. 2001; Goycoolea, Francisco M. and
Cardenas, Adriana 2003; Griffith, M. Patrick 2004; Anderson, Edward F. 2011).
Indigenous knowledge indicates that the pads have been previously used as a water
purification method in Chile and Mexico (Saenz, C., Spulveda, E. et al. 2004).

2.2 Cactus Mucilage

The Opuntia genus in the cacti family has been known for its large production of
mucilage, a complex used by the cactus to store water (Goycoolea, Francisco M. and
Cardenas, Adriana 2003). The mucilage from the Opuntia ficus-indica has been
previously studied as a natural flocculant (Young, Kevin A. 2006; Zhang, Jingdong,
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Zhang, Fang et al. 2006; Miller, Sarah M., Fugate, Ezekiel J. et al. 2008; Young, Kevin
A., Pichler, Thomas et al. 2008; Fox, Dawn I. 2011; Fox, Dawn I., Pichler, Thomas et al.
2012). Mucilaginous cells containing mucilage were identified to exist in both the peel
and pulp of the cathodes, particularly the pads or nopalitos (Saenz, C., Spulveda, E. et al.
2004). A variety of methods have been developed to extract the mucilage from the cactus
pads, all of which vary in complexity.

2.2.1 Extraction Methods: A Literature Overview

Goycoolea and Cardenas (2003) published an extraction method that results in
two main mucilage fractions. Through this methodology, gelling extract (GE) and nongelling extract (NE) can be obtained from fresh Opuntia pads. The method utilized to
obtain the GE is shown in Figure 2.2 (Goycoolea, Francisco M. and Cardenas, Adriana
2003).
In Goycoolea and Cardenas’ protocol, the pads are diced, heated for 20 minutes at
85oC before being neutralized, liquidized and centrifuged. The supernatant and solids are
then separated (the supernatant being reserved for NE extraction) and the precipitate is
processed to obtain the GE. The precipitate is covered with NaOH containing 0.75%
sodium hexametaphosphate and the suspension is stirred for one hour before being
filtered. The solids are discarded and the supernatant is acidified, stirred for 10 minutes
and left to precipitate. After an unreported amount of time, the mixture is centrifuged and
the precipitate is resuspended in water and the pH adjusted to 8. Another filtration is then
performed with a series of membrane sizes and the mucilage is precipitated from the
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filtrate using ethanol. The mucilage obtained is washed using ethanol washes of varying
concentration before being dried at room temperature (Goycoolea, Francisco M. and
Cardenas, Adriana 2003).

Figure 2.2. Method proposed by Goycoolea and Cardenas (2003) to obtain gelling extract
(GE) from Opuntia cactus pads.

Goycoolea and Cardenas (2003) suggest that the GE mucilage is a pectin and the
method discussed above is similar to the alkaline procedure with a sequestering agent
previously published by Turquois et al. (1999) for the extraction of pectins from sugar
beet and potato pulp (T. Turquois, M. Rinaudo et al. 1999). In this protocol, potato pulp
was dried then ground before being heated in tap water at 85 oC for 20 minutes to
inactivate enzymes naturally found in the potatoes. The water was then removed from the
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suspension using a spin dryer. The precipitate obtained was suspended in 50 mM NaOH
with 0.75% sodium hexametaphophate, which acted as a sequestering agent. It is
suggested that pectin normally found in lamella and cell wall of plant tissue can be
difficult to extract while maintaining their natural properties. Here, a sequestering agent
is utilized to bind the cations that are holding the pectins in place, allowing for a more
efficient extraction. The solids were soaked in the sequestering agent for 2 hours before
being spin dried and the liquid supernatant containing the pectin was retained (T.
Turquois, M. Rinaudo et al. 1999). The precipitating, washing, and drying steps presented
in the pectin extraction procedure by Turquois et al. (1999) are very similar to those
outlined in the procedure used by Goycoolea and Cardenas (2003).
The extraction method used by Goycoolea and Cardenas (2003) to obtain NE is
simpler in terms of steps and is provided in Figure 2.3.

Figure 2.3. Method proposed by Goycoolea and Cardenas (2003) to obtain non - gelling
extract (NE) from Opuntia cactus pads.
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In this procedure the supernatant obtained from the centrifugation performed after
dicing, heating, neutralizing, and liquidizing the pad, is processed. Sodium chloride is
added to the supernatant before it is filtered through a 3 µm filter. The mucilage is
obtained from the filtrate through ethanol precipitation after which the mucilage is
washed in subsequent ethanol water mixtures and dried at room temperature. The steps
utilized to precipitate and wash the NE mucilage are the same as those used in the GE
extraction methodology by Goycoolea and Cardenas (2003).
Many other extraction techniques exist, although most pertain only to the removal
of the mucilage that is located in the pulp of the cactus pad. These mucilages are most
likely similar to the NE extract obtained by Goycoolea and Cardenas (2003). For
instance, Medina-Torres et al. (1999) extracted mucilage using methodology outlined in
Figure 2.4.

Figure 2.4. Method proposed by Medina-Torres et al. (2000) to obtain mucilage from
Opuntia cactus pads.

The suggested methodology is very similar to that reported above by Goycoolea
and Cardenas (2003) for the extraction of NE. Stems from the Opuntia ficus-indica were
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reportedly macerated and centrifuged at 10,000 rpm. The mucilage was precipitated from
the supernatant with acetone. The mucilage was then washed using isopropanol before
being dried (Medina-Torres, L, Fuente, E. Brito-De La et al. 2000).
Two mucilage components were also identified by Majdoub et al. (1999), which
were called high molecular weight (13 x 106 g/mol) and low molecular weight (3.9 x 103
g/mol) fractions (Majdoub, H., Roudesli, S. et al. 2001). The authors extracted these
mucilage components by shredding and blending peeled cactus pads, degreasing the
cactus mixture, washing the mixture in water and filtering out the solids. The resulting
supernatant was separated using ultrafiltration isolating the different molecular weight
fractions of mucilage. The authors suggest that the high molecular weight fraction of
mucilage is most likely a charged pectin (Majdoub, H., Roudesli, S. et al. 2001).

2.2.2 Mucilage Composition, Structure, and Interaction with Cations

The chemical structure of mucilage has been widely studied in the past and has
been shown to consist of approximately 55 neutral sugars (Trachtenberg, Shlomo and
Mayer, Alfred M. 1981; Medina-Torres, L, Fuente, E. Brito-De La et al. 2000; Majdoub,
H., Roudesli, S. et al. 2001; Goycoolea, Francisco M. and Cardenas, Adriana 2003;
Saenz, C., Spulveda, E. et al. 2004). Table 2.1 provides the weight percentages reported
for the most predominant sugar residues including galactose, xylose, rhamnose, arabinose
and uronic acids. Goycoolea and Cardenas (2003)

report higher uronic acid

concentration in the GE fraction (56.3% w/w) than is normally reported by researchers
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studying the mucilage from the Opuntia ficus-indica and suggest that this is due to the
GE’s pectin classification (Goycoolea, Francisco M. and Cardenas, Adriana 2003).

Table 2.1. Sugar content (wt %) reported in mucilage extracts.

Reported Sugar Content (wt %) in Mucilage
Arabinose

Galactose

Rhamnose

Xylose

Uronic
Acid

Total

17.93

20.99

1.75

3.06

11

52.98

33.1

20.3

6.9

18.7

9.8

88.8

44.04

20.43

7.02

22.13

6.38

100

42.4 - 40.6

18.4 - 31.5

6.4 - 11.3

24.5 - 16.8

8.4

100

24.6

40.1

13.1

22.2

10.7 - 19.5

100

Average

32.2
± 11.06

25.35
± 8.46

7.52
± 4.08

17.35
± 8.11

10.22
± 3.76

(Goycoolea,
Francisco M. and
Cardenas, Adriana
2003), GE

5.6

6.5

0.5

0.9

56.3

Author
(Goycoolea,
Francisco M. and
Cardenas, Adriana
2003), NE
(Majdoub, H.,
Roudesli, S. et al.
2001)
(Medina-Torres, L,
Fuente, E. Brito-De
La et al. 2000)
(McGarvie, Donald
and Parolis,
Haralambos 1979)
(Trachtenberg,
Shlomo and Mayer,
Alfred M. 1981)

69.8

The primary chemical structure for mucilage reported in literature suggests a
repeating linear core chain of (1→4) α-linked β-D-galacturonic acid and (1→2) α-linked
L-rhamnose, with trisaccharide side chains of (1→6) D-galactose attached to the O(4) of
rhamnose. Galactose side chains also present the opportunity for further branching in
O(3) and/or O(4) positions as demonstrated in Figure 2.5, adapted from Sanez et
al.(2004) (Goycoolea, Francisco M. and Cardenas, Adriana 2003; Saenz, C., Spulveda, E.
et al. 2004).
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Figure 2.5. Chemical structure of the mucilage from the Opuntia ficus-indica cactus. This
figure was adapted from Sanez et al.(2004) (Goycoolea, Francisco M. and Cardenas,
Adriana 2003; Saenz, C., Spulveda, E. et al. 2004).

Previous reports suggest that approximately 20% of the sugars in nopal cacti are
charged and as much as 65% of the sugars found in the peel have been identified as
galacturonic acid (Majdoub, H., Roudesli, S. et al. 2001). Many authors have studied the
effects of cation addition on mucilage behavior, most likely due to the presence of these
charged groups.
Majdoub et al. (2001) reported decreases in viscosity in the high molecular weight
fraction of mucilage when exposed to cations such a Li+ (LiNO3 source) and Ca2+ (CaCl2
source), although Ca2+ is reported to have a more significant effect. This is contributed to
the complex that is potentially formed between the Ca2+ ions and the carboxylic groups
that are located along the polysaccharide backbone that makes up the mucilage. The
authors suggest that the resulting loss of viscosity is caused by the compaction of the
chain due to neutralization of the charges in the backbone structure (Majdoub, H.,
Roudesli, S. et al. 2001).
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Medina-Torres et al. (2000) also reported similar results with the addition of
cations to mucilage solutions. In the presence of Ca2+, Mg2+ , Na+, and K+, viscosity
reductions were documented. It was noted that the viscosity change was more sensitive to
divalent cations (Ca2+ and Mg2+) than to monovalent cations (Na+ or K+). In the case that
no cations are available, repulsions caused by the negative charges in the mucilage chain
are suggested to result in a more expansive molecule, which the authors report observing
when mucilage was added to deionized water. Upon the addition of positively charged
ions, the repulsion is reduced and the molecule contracts causing a decrease in viscosity.
The authors suggest that these results could imply that the mucilage has negatively
charged polyelectrolyte properties. (Medina-Torres, L, Fuente, E. Brito-De La et al.
2000).
Other publications studying mucilage extracted using methods nearly identical to
those discussed above, show interactions between the charged uronic acid groups found
in the mucilage and cations, particularly Ca2+ (Trachtenberg, Shlomo and Mayer, Alfred
M. 1981).
Goycoolea and Cardenas (2003) report gelling properties of the GE fraction of
mucilage when combined with Ca2+ ions in quantities determined to be optimal for the
stoichiometry of the mucilage structure. The authors suggest that in the scenario of
gelling, the mucilage interacts with the Ca2+ in an egg-box like fashion where two layers
of galacturonic acid chains are cross-linked by the Ca2+ ions. The authors also state that
the amount of Ca2+ utilized could alter the onset temperature of the gelling behavior
(Goycoolea, Francisco M. and Cardenas, Adriana 2003).
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Although the main sugar components, structure, and behavior of the mucilage are
similar from publication to publication, several factors have been identified to influence
the composition of the mucilage. These factors depend mainly on the growth
circumstances including temperature and irrigation regularity of the growing cactus plant
(Saenz, C., Spulveda, E. et al. 2004). In order to evaluate the impact of different cactus
growth conditions on the ability of the mucilage as a natural coagulant, the sugar content
of the mucilage extract studied in this work will be determined and compared to
compositions presented in literature.

2.3 Past Studies of Opuntia Species Use as a Flocculant

Young, K.A (2006) has previously demonstrated the use of NE and GE mucilage
from the Opuntia ficus-indica as a flocculation agent for 50 g/L of kaolin. Cylinder tests
were used to measure kaolin settling rates with and without treatment. Suspensions of 50
g/L of kaolin in deionized water were prepared in 100 mL graduated cylinders, inverted
10 times and left on the bench top for 24 hours prior to experimentation. At the time of
use, the pH was altered to 7.0 with NaOH and the desired concentration of GE, NE, or
alum were added. The cylinder was then inverted 10 times and the kaolin interface was
recorded and used to determine the settling rate in cm/min. The addition of 3 mg/L of GE
increased settling rates from 0.56 cm/min (controls) to 2.20 cm/min. Settling rates
obtained with 3 mg/L of GE were 3.3 times faster than those achieved with 3 mg/L of
alum (0.67 cm/min). Additionally, Young, K.A. (2006) showed that as much as 300 times
more alum than GE would be needed to result in the same settling rate. Settling rates
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were also shown to be a function of mucilage concentration increasing from 0.56 cm/min
to approximately 2.6 cm/min with 0 to 5 mg/L of GE. Results also suggested that GE was
a more effective flocculant than NE which had settling rates 68% slower with a dosage of
3 mg/L. Residual turbidity was also evaluated and turbidity increased from approximately
40 NTU to 280 NTU with increasing mucilage concentrations from 0 mg/L to 1 mg/L.
Residual turbidity in alum treated suspensions remained below approximately 40 NTU
for the same concentration ranges. However, with very low mucilage dosages (0 mg/L to
0.001 mg/L) the residual turbidity was relatively low and remained comparable to alum.
Young et al. (2006, 2008) also performed preliminary work on the removal of arsenic
with cactus mucilage. In these studies as much as 41 % of arsenic was removed with the
arsenic being transported to the air-water interface when interacted with mucilage
(Young, Kevin A. 2006; Young, Kevin A., Pichler, Thomas et al. 2008).
The work using GE and NE mucilage from the Opuntia ficus-indica as a natural
flocculant for the removal of arsenic from deionized water was continued by Fox et al.
(2011, 2012) (Fox, Dawn I. 2011; Fox, Dawn I., Pichler, Thomas et al. 2012). In this
work, mucilage was again shown to interact with arsenic resulting in arsenic transport to
the air-water interface. These results are similar to results reported by Young et al (2008).
The flotation of the arsenic-mucilage complex was shown through ion chromatography
(IC), attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy, and
by tracing the total organic carbon in the suspension. Unlike in previous studies with
arsenic, low removal percentages from 9 to 14% were observed with mucilage alone.
This lead to the study of arsenic removal with mucilage combined with iron hydroxides.
In 100 µg/L arsenic suspensions, the addition of 40 mg/L of iron combined with 100
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mg/L of GE removed 90% of arsenic. In iron-mucilage combination studies with 50 mg/L
of Fe3+, residual iron ranged from 7.5 mg/L (with 250 mg/L GE treatment) to 43 mg/L
(with 5 mg/L GE treatment). Although the lowest residual concentration of Fe3+ obtained
remains above the maximum contaminant level for Fe3+ set by the U.S. Environmental
Protection Agency (EPA), the author suggests that the residual concentrations could be
lowered with a rough filter (Fox, Dawn I. 2011; Fox, Dawn I., Pichler, Thomas et al.
2012).
Zhang et al. (2006) also studied the Opuntia spp. as a natural flocculant for kaolin
suspensions (20 to 200 NTU in deionized water). In this study, cactus was processed in a
more general fashion than the extraction methods discussed previously in section 2.2.1.
In brief, pads were washed, dried, milled and sieved for a solid diameter of 0.45 mm to
1.25 mm. Kaolin suspensions were stirred at 125 rpm for 2 minutes before the cactus
flocculant was introduced. The suspensions were then stirred at 70 rpm for 30 minutes,
and then allowed to settle for 30 minutes, after which the turbidity of the supernatant was
measured with a turbidity meter (Zhang, Jingdong, Zhang, Fang et al. 2006). Results
presented by the authors demonstrate decreased turbidity with increased cactus dosage
for a range of initial turbidities (56, 85, and 104 NTU). Optimal cactus dosage was 50
mg/L, regardless of initial kaolin turbidity and cactus dosages between 50 mg/L and 150
mg/L all resulted in 94% turbidity reduction. In studies varying suspension water
alkalinity (40.4, 165, and 265 mg CaCO3/L) the turbidity removal decreased with
increasing alkalinity. This suggests that ions in the water can affect the cactus-kaolin
interactions. This concept was not studied further by the authors. Turbidity removal with
the cactus flocculant was also compared to aluminum chloride (AlCl3·6H20) and poly
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ferric sulfate (PFS). In studies with initial kaolin turbidity of 56 NTU, all flocculants
decreased turbidity to approximately 5 NTU. It was stated that the cactus flocculant was
slightly more effective than alum but both did not decrease turbidity as much as the PFS.
The PFS was reported to result in a yellow-orange colored supernatant, which is
characteristic of iron treated water (Zhang, Jingdong, Zhang, Fang et al. 2006). In
addition to suspensions of kaolin in deionized water, Zhang et al. (2006) also present
studies focusing on the treatment of wastewater (70 NTU), water from a potable water
source (50 NTU) (both collected in Wuhan, China), and highly turbid sea water (980
NTU) (collected from a bay in southeast China). In wastewater, the authors report highest
turbidity reductions (90 %) when AlCl3 and the cactus flocculant were utilized together.
When the cactus was used alone, optimal concentrations were approximately 50 mg/L
with 70 % turbidity reduction. In potable water treatment, the cactus flocculant did not
perform as well as AlCl3 or PFS, although all treatment methods achieved turbidity
reduction of over 90 %. In highly turbid sea water, optimal cactus flocculant dosage was
approximately 60 mg/L with 0.98 removal efficiency. Turbidity reductions with 20 to 100
mg/L of cactus flocculant and PFS were comparable for all dosages (Zhang, Jingdong,
Zhang, Fang et al. 2006).
Studies conducted by Miller et al. (2008) using Opuntia spp. as a flocculant for
kaolin removal have demonstrated similar results. Cactus pads were purchased at a local
market in Connecticut, cut, dried, ground with a coffee grinder, and sieved to a particle
size of 300 microns. The resulting material was tested as a flocculant for kaolin
suspended in water modeled after a drinking water supply plant in Venezuela. Model
water was prepared by dissolving KCl (16.4 mg/L), NaHCO3 (62.5 mg/L), MgCl2·6H2O
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(20.0 mg/L), and CaCO3 (37.9 mg/L) in DI water. Experiments were performed in batch
tests using a mixer. Suspensions were mixed at 335 rpm for 1 minute followed by mixing
at 35 rpm for 45 minutes. The turbidity of the supernatant was then measured using a
turbidity meter. Authors report data in terms of coagulation activity using the following
equation:

Low (0 to 125 NTU), medium (125 to 250 NTU) and high (250 to 375 NTU)
initial kaolin turbidities were tested and cactus flocculant was reported to decrease
turbidity to between 5 and 7 NTU regardless of initial turbidity. Optimal concentrations
were reported to vary between 15 and 55 mg/L and were determined to depend on the
initial kaolin concentration. Using process of elimination, the mechanism used by the
cactus was suggested to be bridging. Additionally, reductions in coagulation activity
when cactus dosages were too high or too low demonstrated the potential for overdosing
with the cactus flocculant. It was also suggested, although not directly evaluated, that
natural electrolytes in the pads of the cactus facilitated the adsorption onto kaolin
particles. In order to determine a possible active agent, sugars including arabinose,
galactose, rhamanose, and galacturonic acid were purchased and tested separately as they
are reported elsewhere as the main components of mucilage from cactus. Separately, the
sugars alone were not reported to cause any turbidity reduction, but all of the sugars
combined with galacturonic acid showed reductions of 50%. These results suggest that
the presence of additional components in the cactus flocculant are partially responsible
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for high kaolin particle separation from the water (Miller, Sarah M., Fugate, Ezekiel J. et
al. 2008).
The previous works discussed regarding the application of the Opuntia ficusindica as a natural flocculant have demonstrated its potential for kaolin and arsenic
removal. In previous studies regarding kaolin removal with GE and NE mucilage,
cylinder tests focused on high concentration kaolin suspensions (50 g/L) in deionized
water (Young, Kevin A. 2006). No results were presented evaluating the impact of water
alkalinity, cation addition, or kaolin concentration. Studying the effect of these
parameters on the mucilage-kaolin interactions not only provides insight on future
applications of the mucilage as a flocculant, but can also help to identify major
mechanisms utilized by the mucilage. Additionally, this type of evaluation could help to
identify the active components of the mucilage. All other work discussed regarding the
use of the cactus as a natural flocculant source has been performed using a ground
version of the entire cactus. While this work shows that the cactus is an effective
flocculant, it is hard to speculate which component is active as the impact of residual ions
cannot be isolated (Zhang, Jingdong, Zhang, Fang et al. 2006; Miller, Sarah M., Fugate,
Ezekiel J. et al. 2008). The work in this dissertation focuses on very controlled studies
that will provide insight on the key components and flocculation mechanisms that make
the mucilage a natural flocculant. Additionally, this work will expand the realm of
possible contaminants that can be aggregated with mucilage by studying suspended
bacteria. The outcomes of the presented work will further demonstrate the Opuntia ficusindica as a natural flocculant source. The general trends determined could most likely be
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extended to other flocculants of similar composition predicting their abilities in similar
solution conditions.

2.4 Research Focus: Sediments and Bacteria

The studies presented in this research are concerned primarily with the use of GE
and NE mucilage extracted from the Opuntia ficus-indica cactus as a natural flocculation
agent. Controlled suspensions of the sediment kaolin (both untreated and acid-washed)
and several strains of bacteria were studied and the ability of the mucilage to aggregate
these particles was evaluated. In order to effectively study the interaction of mucilage
with these particles, it is necessary to understand the surface structures and potential
charges that the particles will have when suspended in water. Therefore, the following
sections present the intrinsic surface properties of the model contaminants studied.

2.4.1 Kaolin and Acid-Washed Kaolin Surfaces

Kaolin clay will be utilized in this study as model sediment, as it commonly is in
studies identifying and studying new flocculation agents. Kaolin, composed of kaolinite
clay, is found throughout the world and major mining locations include areas of North
America, England, Brazil, Czech Republic, Indonesia, China, and New Zealand (Murray,
Haydn H. 2007). Kaolin has long been studied and its structure and properties are fairly
well documented. Kaolin is classified as a 1:1 layer crystalline ceramic with stacked
repeating layers of tetrahedral silica (Si)-oxygen (O) sheets and aluminum (Al)-oxygen
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(O)-hydroxyl (OH) octahedral sheets that are connected to each other via oxygen
molecules and hydroxyls (Figure 2.6) (Tombacz, Etelka and Szekeres, Marta 2006). The
molecular structure of kaolin is Al4[Si4O10](OH)8 in its ideal state and composition is
suggested to be 46.54% SiO2, 39.50% Al2O3, and 13.96% H2O (Murray, Haydn H. 2007).
Figure 2.6 provides a schematic of the sheet staking structure of kaolin (Ma, Chi and
Eggleton, Richard 1999; Leroy, P. and Revil, A. 2003).

Figure 2.6. Suggested tetrahedral-octahedral stacking structure of kaolin clay.

In its ideal structural state, kaolin has neutral surfaces. However, it has been
determined that kaolin does not have a neutral charge but rather a heterogeneous surface
charge. The basal silica-oxygen surfaces have been shown to carry a constant negative
charge due to isomorphous substitutions of Si4+ for Al3+ (Zhou and Gunter 1992; Ma, Chi
and Eggleton, Richard 1999; Leroy, P. and Revil, A. 2003; Tombacz, Etelka and
Szekeres, Marta 2006). The edges of the kaolin crystal have been shown to carry positive
or negative charges, depending on the pH of the surrounding solution. This charge is
believed to arise due to protonation/deprotonation of the hydroxyl groups that are
exposed to the surrounding solution, or broken bonds near the crystals edge (Ma, Chi and
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Eggleton, Richard 1999; Jozefaciuk, Grezegorz 2002; Leroy, P. and Revil, A. 2003).
Figure 2.7 shows the suggested chemical structure of the kaolin edges while in acidic,
neutral, and basic solutions. The net charge of the edge surface in each pH is also
provided (Ma, Chi and Eggleton, Richard 1999; Leroy, P. and Revil, A. 2003). It has
been suggested that the change in edge charge is caused by the availability of H+ and OHspecies (Tombacz, Etelka and Szekeres, Marta 2006).

Figure 2.7. Chemical structure of kaolin edges in solutions of acidic, neutral, and basic
pH.

Figure 2.7 shows that the edge faces of kaolin crystals carry a positive charge
while suspended in acidic solutions. Under these conditions, kaolin flocs have been
reported by Tombacz et al. (2006) to more than quadruple in size (determined with
Dynamic Light Scattering, DLS). This increase in floc size is caused by edge to face
interactions illustrated in Figure 2.8 (Tombacz, Etelka and Szekeres, Marta 2006).
Conversely, in neutral and basic solutions the edges of the kaolin particles have
been determined to carry negative charges, which cause electrostatic repulsion between
particles preventing aggregation. It is in this situation that flocculants or salt addition can
be useful to neutralize the surface, shrink the double layer, and/or link the kaolin particles
causing them to aggregate.
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Figure 2.8. Schematic of edge to face aggregation of kaolin in acidic solutions.

For the purposes of studying the influence of surface structure and charge
characteristics on the flocculation ability of mucilage removal of acid-washed kaolin was
also evaluated in this work.
Acid-washed clays, such as kaolinites and bentonites have previously been, and
are currently being, studied and utilized as catalysts due to their low cost and large pore
size (Belver, Carolina, Munoz, Miguel Angel Banares et al. 2002; Panda, Achyut K.,
Mishra, B.G. et al. 2010). The surface properties of kaolin have been previously
identified to change with surface modifications. In order to achieve properties necessary
for use as a catalyst, kaolin is often treated using mechano-chemical, intercalation (the
inclusion of new molecular groups), thermo-chemical and chemical treatment methods.
One of the most commonly used chemical treatments is acid-washing (Panda, Achyut K.,
Mishra, B.G. et al. 2010). During acid-washing, clays are leached with acids degrading
part of the surface of the clay, reducing the mineral impurities, and altering the chemical
and crystalline composition. In some publications, it is suggested that acid-washing
kaolin leaches some of the Aluminum from the clay (Jozefaciuk, Grezegorz 2002; Panda,
Achyut K., Mishra, B.G. et al. 2010). Through X-ray fluorescence (XRF) studies, Panda
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et al. (2010) showed that Al2O3 concentrations in the clay decreased from 46% to 7.7%
while SiO2 content increased from 43% to 87% after acid-washing with 10 M H2SO4,
(Jozefaciuk, Grezegorz 2002; Panda, Achyut K., Mishra, B.G. et al. 2010). Acid-washing
kaolin reportedly results in a mixture of amorphous, hydrated, partially protonated silica
layers, and layers that were not degraded by the treatment. This change in surface
chemistry leaves behind a high surface area and an increase in acidic sites (Belver,
Carolina, Munoz, Miguel Angel Banares et al. 2002; Panda, Achyut K., Mishra, B.G. et
al. 2010). Several factors have been previously determined to play a significant role in the
way that acid alters the kaolin crystal structure including the acid type and concentration,
the acid:kaolin ratio, and the temperature and duration of the acidification treatment
(Panda, Achyut K., Mishra, B.G. et al. 2010).
In studies by Smith-Palmer et al. (1994) evaluating the flocculation capabilities of
cationic polyelectrolytes, acid-washed kaolin was utilized and compared to untreated
kaolin. In such studies, settling rates and flocculation rates of removal were measured
using 30 g/L (3%) kaolin in water containing 3.67 mM NaCl, 0.17 mM CaCl2, and 0.05
mM MgCl2. Components were added to a graduated cylinder, which was inverted 5 times
and left to settle during which time settling rates were measured. In addition to settling
rates, titration was used to determine the concentration of polymer left in the supernatant.
From this data, the flocculation rate was determined (how much polymer was bound with
kaolin). In this study a higher flocculation rate, indicating more kaolin bound to polymer,
was seen in suspensions of acid-washed kaolin. It was also shown that the highest settling
rates achieved were 3.6 cm/s (Smith-Palmer, Truis, Campbell, Nicole et al. 1994). The

47

increase in bound polymer with acid-washed kaolin is potentially due to increased
negative charges on the kaolin surface resulting from acid-washing.

2.4.2 Bacteria Surfaces

In the study of bacteria removal with GE and NE mucilage fractions obtained
from the Opuntia ficus-indica, strains of both Gram-positive and Gram-negative bacteria
will be presented. This characterization refers to the outcome of a Gram-stain and
depends on the cell membrane structure of the bacteria cell. Differences in the surface
structure of the two types of bacteria are shown in Figure 2.9.

Figure 2.9. Schematic of outer membranes found on Gram-positive and Gram-negative
bacteria. Adapted from (Lim, D 1998; Ingraham, J.L. and Ingraham, C.A. 2000; Ingram,
J. L. and Ingram, C. A. 2000; Bauman, R.W. 2004).
The outer surface of the Gram-positive cell wall consists of peptidoglycan. The
peptidoglycan layer is a rigid, porous, polymeric material composed of repeating groups
of N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM). Peptidoglycan makes
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up approximately 40-90% of the cell wall materials in Gram-positive bacteria. It is this
layer of the cell wall that is mostly responsible for cell shape and strength. In the cell
walls of Gram-positive bacteria the peptidoglycan layer has been reported to be 20-80 nm
thick (van der Wal, Albert, Norde, Willem et al. 1997; Wang, Jianlong and Chen, Can
2009). Many other macromolecules have been identified in the exposed layer of Grampositive bacteria cell walls, such as teichuronic acid, lipoteichoic acid, polysaccharides,
proteins, enzymes and mycolic acids. These structures are considered polyelectrolytes as
they are composed of charged groups such as carboxyls, amino-acids, and phosphates.
These groups have been suggested to provide the Gram-positive cell with changing
charge properties that are dependent on the pH of the solution. It has been determined
previously that the isoelectric points of most Gram-positive cells occur in solutions at a
pH of 4. In solutions above a pH of 4, anionic groups dominate over cationic groups
giving cell walls an overall negative surface charge (van der Wal, Albert, Norde, Willem
et al. 1997).
Gram-negative bacteria have a more complex cell wall structure than Grampositive bacteria. They are also known to have a peptidoglycan layer, however, it is
thinner than that of the Gram-positive bacteria and it is not the outer most structure. The
layer exposed to the external environment in Gram-negative bacteria consist of an
additional bilayer that contains phospholipids, channel proteins, and a top layer of lipids
attached to polysaccharides known as the lipopolysaccharide or LPS layer (Archibald, A.
R. 1989; Lim, D 1998; Ingraham, J.L. and Ingraham, C.A. 2000; Ingram, J. L. and
Ingram, C. A. 2000; Bauman, R.W. 2004). The peptidoglycan layer in Gram-negative
cells, as mentioned previously, is much thinner than that in Gram-positive cells (2-7 nm)
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and compromises only 5-10% of the cell wall weight (Wang, Jianlong and Chen, Can
2009). Unlike the cell wall of Gram-positive bacteria, the peptidoglycan layer is
encapsulated by an additional layer of lipopolysaccharides (LPS). The LPS consists of
three main structures including lipid A, core polysaccharides, and O side chains. The LPS
has been previously determined to have a net negative charge giving Gram-negative
bacteria an overall negative charge (van der Wal, Albert, Norde, Willem et al. 1997; Lim,
D 1998; Wang, Jianlong and Chen, Can 2009). Gram-negative bacteria are often
considered to be more pathogenic than Gram-positive bacteria due to the components
found in the LPS layer, particularly lipid A which has been established as an endotoxin. It
is also this layer that makes Gram-negative bacteria more difficult to treat with antibiotics
as it is suggested that it could immobilize the movement of drugs into the cell (Ingraham,
J.L. and Ingraham, C.A. 2000; Bauman, R.W. 2004).
To date, little research has been previously published regarding the use of
mucilage from the Opuntia ficus-indica as a flocculant for suspended bacteria (Buttice,
A. L. , Stroot, J. M. et al. 2010). This work aims to increase this knowledge by studying
the application of GE and NE mucilage as a natural material for bacteria aggregation.
Suspensions with high cell concentrations of 108 cells/mL were tested in order to obtain a
general understanding of the capabilities of the mucilage. In addition, it was necessary to
determine the optimal concentrations and water characteristics at which bacteria
aggregation occurred. This allowed for knowledgeable design of further experimentation
with more realistic bacteria concentrations. A variety of bacteria including Gram-positive
Bacillus sp. as well as Gram-negative Escherichia coli (E. coli) were utilized in bacteria
studies.
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The bacteria genus Bacillus is composed of bacterium which are aerobic, range in
size from 0.5 by 1.2 µm to 2.5 by 10 µm, and grow at optimal temperatures ranging from
25 to 35 C (Drobniewski, F.A. 1993). In these studies Bacillus cereus and a fully
attenuated strain of Bacillus anthracis were studied.
B. cereus is a soil dwelling bacterium that has caused contamination problems in
the dairy industry and paper mills. It has also been identified as an opportunistic human
pathogen (Harwood, Colin R. 1989; Helgason, Erlendur, Okstad, Ole Andreas et al.
2000). This Gram-positive bacterium is a known spore-forming rod and has been
associated with food poisoning from rice-based dishes. Clinical infections of B. cereus
have been documented as gastrointestinal, central nervous system, and respiratory
infections (Drobniewski, F.A. 1993).
B. anthracis is a spore-forming bacterium and is the cause of the lethal disease
anthrax, causing concern over the possibility of its use in biological warfare. Pathogenic
forms of B. anthracis contain two plasmids which are the source of its toxicity (Helgason,
Erlendur, Okstad, Ole Andreas et al. 2000). The Sterne strain of B. anthracis studied in
this work has been fully attenuated by removing these plasmids.
The final bacterium studied was Escherichia coli. E. coli is a Gram-negative rod
that is commonly found in the intestinal tract of mammals, thus in their feces. E. coli has
been identified as an indicator organism by the Environmental Protection Agency (EPA)
and is utilized to identify water that has been polluted with fecal contaminants making it
a relevant target for flocculation studies (Bitton, G. 2005; WHO 2011).
Once optimal conditions were established with high bacteria concentration
studies, flocculation of lower concentrations of E. coli with GE and NE mucilage was
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evaluated. E. coli was selected for these studies due to its relevance in water treatment
applications.
The effects of cations on the flocculation efficiency of polysaccharide based
biopolymer flocculants has already been discussed (Yokoi, H., Natsuda, Osamu et al.
1995; Shih, I.L., Van, Y.T. et al. 2001; Yokoi, Haruhiko, Obita, HT. et al. 2002; Li,
Zhong, Chen, Rho-Wei et al. 2009). Effects of cations on mucilage (causing reductions in
viscosity) have also been discussed (Trachtenberg, Shlomo and Mayer, Alfred M. 1981;
Medina-Torres, L, Fuente, E. Brito-De La et al. 2000; Majdoub, H., Roudesli, S. et al.
2001; Goycoolea, Francisco M. and Cardenas, Adriana 2003). Other reports demonstrate
the strong binding properties of cations, particularly Ca2+, and their ability to cause
aggregation between cells. Adhesion of Lactobacillus to mammalian epithelial cells
increased with the addition of Ca2+ ions (Larsen, Nadja, Nissen, Peter et al. 2007). The
importance of Ca2+ on the stability of activated sludge has also been studied. When Ca2+
was removed from the sludge, aggregation decreased as did filterability, while turbidity
increased. These results indicate that Ca2+ plays a fairly considerable role in the binding
of the sludge contents (Sanin, D. and Vesilind, P.A. 2000). Due to the interaction
between Ca2+ and cells of various types, the addition of Ca2+ has been studied along with
mucilage treatments in the results pertaining to bacteria flocculation.

2.4.3 Surrogate Waters

For the purpose of mimicking the ionic content of natural bodies of water, hard
(HW) and soft waters (SW) were made according to the recipe published by Smith,
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Davison, and Hamilton-Taylor (2002) and utilized for contaminant suspensions where
specified (Smith, E. J., Davison, W. et al. 2002). The use of surrogate waters in place of
natural water allowed for complete control and comprehensive understanding of the
parameters in the experiments without additional components such as colloids and
organic carbon already in suspension.
The recipes were modeled after the ionic compositions of water samples collected
from Esthwaite Water (SW), and Rostherne Mere (HW) lakes, located in northern
England. Esthwaite Water is described by the authors as a small eutrophic lake located in
a valley with rich soil. Rostherne Mere is the located in Cheshire, England and is the
largest of the Cheshire meres (lakes). The authors describe Rostherne Mere as a hard
water lake with high concentrations of calcium carbonate. The high alkalinity of the lake
is contributed mainly to ground water and surface water drainage from a glacial drift
which contains significant limestone sources (Smith, E. J., Davison, W. et al. 2002).
The preparation procedure of these waters includes the dissolution of salts into
deionized water. Several stock solutions are prepared prior to mixing, to avoid unwanted
super saturation and salt precipitation. The stock solutions are then mixed accordingly
resulting in surrogate waters with the ionic concentrations presented in Table 2.2. Once
completed, the surrogate waters were stored on the bench top at room temperature and
sterilized using bottle top filters with 0.20μm membranes before use in suspension tests.
In this work it is of interest to study the effects of cation concentration on
mucilage induced flocculation. Table 2.3 provides final cation concentrations and pH of
the surrogate waters after completion.
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Table 2.2. Final salt concentrations in the surrogate waters used in contaminant
suspensions.
Chemical

Mass (mg)

Conc.
(mM)

SS Ion Conc (mM)
Cationz+

Anionz-

Soft Water (SW)
Magnesium Chloride Hexahydrate
(MgCl2∙6H2O)
Calcium Chloride Hexahydrate
(CaCl2∙6H2O)
Clacium Nitrate Tetrahydrate
(Ca(NO3)2∙4H2O)
Calcium Oxide
(CaO)
Sodium Sulfate
(Na2SO4)
Potassium Bicarbonate
(KHCO3)
Sodium Bicarbonate
(NaHCO3)

12.17

0.060

0.060

0.120

17.49

0.080

0.080

0.160

85.64

0.015

0.015

0.030

85.64

1.527

1.527

1.527

16.34

0.115

0.230

0.115

2.51

0.025

0.025

0.025

1.68

0.020

0.020

0.020

Hard Water (HW)
Calcium Chloride Hexahydrate
(CaCl2∙6H2O)
Calcium Nitrate Tetrahydrate
(Ca(NO3)2∙4H2O)
Calcium Oxide
(CaO)
Sodium Sulfate
(Na2SO4)
Potassium Bicarbonate
(KHCO3)
Sodium Bicarbonate
(NaHCO3)
Potassium Phosphate
(KH2PO4)
Magnesium Sulfate
(MgSO4)

74.97

0.342

0.342

0.684

11.89

0.050

0.050

0.101

416.40

7.424

7.425

7.425

28.20

0.199

0.397

0.199

7.63

0.076

0.076

0.076

22.65

0.270

0.270

0.270

4.70

0.035

0.035

0.035

100.50

0.835

0.835

0.835

Table 2.3. Final cation concentration and pH of surrogate waters after preparation.
Water Type
Soft Water
Hard Water

Total Cation Concentration (mM)
Ca2+
Mg2+
Na+
K+
1.622
0.060
0.250
0.0251
7.817
0.835
0.667
0.111
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pH
7.43
8.34

The alkalinity (mg/L CaCO3) of the surrogate waters was determined after
preparation through titration with 0.02N H2SO4 and 50 mL of water samples. Figure 2.10
compares the determined values to the soft, moderately hard, hard, and very hard water
classification ranges in place by the United States Geological Survey (USGS 2012).
Alkalinity values of 145 ± 3 and 29 ± 7 mg/L CaCO3 were determined for the hard and
soft waters respectively, which were in the accurate range of the USGS classifications.

Figure 2.10. Alkalinity of hard and soft surrogate waters. Determined with titration with
0.02N H2SO4 and compared to guidelines set by the United States Geographical Survey
(USGS) (USGS 2012).
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CHAPTER 3: MUCILAGE EXTRACTION AND CHARACTERIZATION1

3.1 Introduction

In this chapter, the extraction methods utilized to obtain the gelling extract (GE)
and non-gelling extract (NE) mucilages studied in this work will be discussed. The GE
and NE mucilage structures are determined and are compared and contrasted. In future
chapters, these structures will also be correlated to the mucilage performance as a natural
flocculant.
Initially, four pads from the Opuntia ficus-indica were processed separately with
slight variations in methodology and the outcome of the extraction in terms of removal
percent and mass were determined. The extraction methods used are a combination of
previous methods discussed in section 2.2.1. The methods provided here resulted in a
purified powder mucilage product that was used in experiments where the concentration
of mucilage was easily controlled. This is an important factor in determining the effects
of mucilage concentration on particle removal as additional materials from the cactus
pads that are not necessarily mucilage are removed.
The known chemical composition of the mucilage from Opuntia spp. was
discussed in section 2.2.2 and overall it was shown that GE mucilage contained high

1

Portions of these results have been reprinted with permission from Buttice, A. L., J. M. Stroot, et al.
(2010). "Removal of Sediment and Bacteria from Water Using Green Chemistry." Environmental Science
and Technology 44(9): 3514-3519. Copyright (2010) American Chemical Society.
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levels of uronic acids (56.3%) compared to NE mucilage (11%) (Goycoolea, Francisco
M. and Cardenas, Adriana 2003). Otherwise, many of the sugars were determined to exist
in similar concentrations. The chemical structure of the mucilage is important as it could
play a significant role in the mucilage’s ability to interact with suspended particles and
aggregate them. In addition to the chemical structure, the physical structure of the
mucilage could also play an important role in the abilities of the mucilage as a flocculant.
The chemical composition has been studied numerous times before, but very little work
has been done in studying the topography, which is one of the aims of this chapter.

3.2 Materials and Methodology

Opuntia ficus-indica cactus pads were purchased from Living Stones Nursery in
Tucson, Arizona and replanted and grown in Tampa, Florida. Two fractions of mucilage
including non-gelling extract (NE), and a pectin based gelling extract (GE) were isolated
from cactus pads using a procedure modeled from the extractions by Goycoolea and
Cardenas (2003), Turquois et al. (1999), and Medina-Torres et al. (2000) previously
discussed in section 2.2.1 (T. Turquois, M. Rinaudo et al. 1999; Medina-Torres, L,
Fuente, E. Brito-De La et al. 2000; Goycoolea, Francisco M. and Cardenas, Adriana
2003). An overview of the extraction methods used in this study, including images, can
be found in Figure 3.1.
In order to obtain non-gelling extract (NE), fresh cactus pads were cleaned (thorns
removed), diced into 1” cubes, and either steamed or boiled in deionized water for 30
minutes. In addition to the previously discussed benefit of inactivating any potential
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enzymes, heating the pad also caused a great deal of mucilage secretion. This could
potentially be due to the viscosity reduction that one would expect to occur when the
mucilage is heated, allowing it to flow out of the pad more easily. The mixture was then
liquidized with either a household blender or by hand maceration. The pH was altered to
7 to 7.5 with 1.0 M NaOH, and the resulting mixture was centrifuged at 4,000 rpm for 10
minutes with a Fisherbrand accuSpin 400 centrifuge with a swing bucket rotor. The
supernatant was separated from the solids and the solids were reserved for the extraction
of GE mucilage. Deionized water (A10, MilliPore) with 1.0 M NaCl was added to the
supernatant, which was highly viscous, until filtration through a #41 Whatman filter was
possible. This filtration removed any remaining pad tissue from the NE mucilage
solution. After filtration, the NE was precipitated from the water using acetone or ethanol
(1:1 v/v). Upon addition of acetone/ethanol, precipitation began almost immediately and
the NE accumulated at the acetone/ethanol-air interface (as shown in Figure 3.1). The NE
was left to precipitate overnight in a fume hood at room temperature, after which it was
scooped from the acetone/ethanol phase. If needed, additional acetone/ethanol was added
to the mucilage water mixture so that more NE could be obtained. The recovered
mucilage was washed with isopropanol. Upon addition of isopropanol, the NE was
observed to contract together as more water or residual acetone/ethanol was drawn out.
After approximately 10 minutes, the isopropanol was decanted and the NE was spread on
sterile Petri dishes and dried in the fume hood at room temperature for 48 to 60 hours.
Once brittle, the NE was ground with a mortar and pestle resulting in a powder that was
stored on the bench top in sealed containers at room temperature.
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Figure 3.1. Outline of extraction method used to obtain NE and GE mucilage.
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To isolate GE, which has been previously classified as pectin, the solids retained
from the centrifugation step were transferred to a beaker and covered with 50 mM NaOH
solution containing 75% sodium metaphosphate. This solution acted as a calciumsequestering agent used to promote the release of the GE pectin from the cell walls of the
cactus, as was previously outlined by Turquois et al. (1999) (T. Turquois, M. Rinaudo et
al. 1999). After 30 minutes of stirring, the pH was reduced to 2.0 with HCL, and the
suspension was centrifuged at 4,000 rpm for 10 minutes. Upon centrifugation, the
supernatant was discarded and the precipitate was covered with deionized water and the
pH increased to 8.0 with 1.0 M NaOH. Filters were created from cloth sheets with large
pore sizes and the cactus suspension was filtered to remove large solids from the
mucilage solution. The filtrate was collected and the solids discarded. Ethanol or acetone
was added to the filtrate (1:1 v/v) to isolate the GE from the water. Upon initial contact,
mucilage began moving to the acetone/ethanol phase. The GE was left to precipitate
overnight in the fume hood and was scooped out the next morning. The mucilage was
washed in isopropanol and dried on sterile Petri dishes at room temperature in the fume
hood for approximately 48 to 60 hours. The GE was then ground with a mortar and pestle
and stored in sealed containers on the bench top at room temperature.
Prior to experimentation the mucilage powder resulting from the extraction was
added to DI water and mixed with a tissue grinder to produce an even suspension. The
suspension was stored in the refrigerator when not in use and was diluted accordingly
during experimentation.
The extraction methods discussed above were used to obtain optimal amounts of
purified mucilage fractions from the cactus pads. These extracts will be utilized in this
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document in controlled studies that focus on the behaviors of the mucilage when it is
applied as a natural flocculant. In addition to these mucilages, a simplified method was
used and an unpurified version of the cactus flocculant was obtained, called Ground
Cactus (GC) in this work. The method used to obtain the GC is outlined in Figure 3.2.
This protocol was developed based on several previously reported methodologies (Zhang,
Jingdong, Zhang, Fang et al. 2006; Miller, Sarah M., Fugate, Ezekiel J. et al. 2008;
Buttice, A. L. , Stroot, J. M. et al. 2010; Fox, Dawn I., Pichler, Thomas et al. 2012).
Fresh cactus pads were cleaned and diced into 1” cubes. The cactus was placed into a
beaker, covered with deionized water and boiled for 20 minutes. As discussed previously,
a large amount of mucilage was released from the pad during boiling as detected by the
viscosity increase of the water. The cactus with the water was then blended using a
household blender and the pH was increased to 7 with 1.0 M NaOH. In some cases, this
step may prove to be unnecessary, but was needed here due to the low pH of the
deionized water being used. After maceration, the cactus mixture was spread on watch
glasses or wax paper and dried in an oven at 60C.

fter 24 hours of drying, the cactus

was removed from the oven and ground using a mortar and pestle. The resulting powder
was sieved to remove any large solids.
Once ground and sieved, the powder was stored on the bench top at room
temperature until used for experiments. At this time, the cactus was ground into
deionized water using a tissue grinder. This methodology aimed to simplify the extraction
method using common household items.

61

Figure 3.2. Simplified process to obtain cactus flocculant. Used to obtain the Ground
Cactus (GC) flocculant.

The total sugar content in the mucilage was determined using the phenol-sulfuric
acid colorimetric assay (Dubois, Michel , Gilles, K.A. et al. 1956). Non-reducing sugars
were converted to reducing sugars through oxidation with sulfuric acid. Phenol was
reacted with the sugars in the solution resulting in a yellow/orange color. The absorbance
at 490 nm was then measured and the total sugar concentration determined using the
calibration curve provided in Figure 3.3. Glucose was used to prepare the calibration
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curve and all concentrations determined for sugar composition are reported in glucose
equivalents. The results provided were determined using mucilage stock solutions of 500
mg/L. The mass of sugar determined in the sample was related to the stock solution
concentration and percent sugar concentration was determined.

Figure 3.3. Calibration curve for total sugar determination with the phenol-sulfuric acid
method. Curve relates absorbance of samples (λ = 490 nm) to glucose concentration.
GE and NE mucilage from Pads 2 and 3 suspended separately in deionized water,
with final concentrations of 500 mg/L, were studied for their structural morphology using
transition electron microscopy (TEM) and atomic force microscopy (AFM).
For TEM imaging, 20 µL of the mucilage suspension was deposited on a carbon
150 mesh copper grid (Electron Microscopy Sciences) and left to adsorb for at least 5
minutes. The remaining liquid was then removed with a kimwipe without touching the
surface of the grid. The grid was then left in a fume hood to dry for at least 1 hour prior to
being imaged on a Morgagni 268 D TEM from FEI Company.
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Samples were prepared for AFM scans on mica (Axim Mica). O-rings were
placed on freshly cleaved mica and 5 µL of sample was transferred into the center of the
O-ring and allowed to absorb for 5 minutes. The O-ring was then removed and the mica
rinsed with approximately 1 mL of deionized water before being dried with N2 gas. The
mica was then adhered to a slide with double sided tape and scanned on a PSIA XE-100
AFM using tapping mode with silicone TAP300AL cantilevers from budget sensors.
Scans were flattened using XEI imaging software.
All mean and standard deviation statistics were analyzed using OriginPro 8
(Northampton, MA). One way analysis of variance (ANOVA) and Tukey test of means
comparisons (α = 0.05), performed using OriginPro 8, were used to compare the sugar
content from various extraction methods.

3.3 Results and Discussion

3.3.1 Mucilage Extraction

Four pads from the Opuntia ficus-indica were processed according to the GE and
NE extraction procedures discussed previously in section 3.2. The initial size and wet
weight of the initial pads are provided in Table 3.1.
Small variations were used in the heating/maceration methods used in the first and
second steps of the extraction process. All other steps were carried out following the
same methodology. Due to the size of the pads and the desire to alter heating/maceration
methods, pads 2 and 3 were combined and processed together through the extraction and
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pad 4 was boiled then split into two separate beakers. The contents of one of these
beakers were blended (Pad 4-Beaker 1, P4B1) while the other was hand macerated (Pad
4-Beaker 2, P4B2).

Table 3.1. Initial sizes of pads used for extraction of GE and NE mucilage.
PAD #

Mass (g)

Length (cm)

1
2
3
4

346.16g
224.63g
318.87g
439.5g

19.1cm
14.0cm
19.7cm
19.1cm

Widest Width
(cm)
10.2cm
8.3cm
9.5cm
11.4cm

Results from the extraction, including the mass of GE and NE extracted as well as
the percent yield (dried mucilage mass/initial wet pad mass) were determined and are
shown in Table 3.2. In some instances, the GE amount obtained was small and during the
precipitation step of the extraction procedure it was unintentionally dried out completely.
Therefore it was discarded and labeled here as N/A.

Table 3.2. Dry mass and percent yield results from mucilage extractions.
PAD
#
1
2&3
4-1
4-2

Heating/Maceration
Method
Boiled with NaCl and
Blended
Steamed and Blended
with Water
Boiled and Macerated
Boiled and Blended

NE Extracted
(g)

NE Yield
(%)

GE Extracted
(g)

GE Yield
(%)

1.384g

0.40%

N/A

N/A

2.749g

0.51%

0.801g

0.15%

3.198g
2.238g

1.46%
1.02%

N/A
N/A

N/A
N/A

Although the mucilage yield appears low, the amount of mucilage that was
obtained has the potential of treating large quantities of water. This issue will be
discussed further in chapters 4, 5, and 6.
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The percent yields of the extract most likely appear low because the pad is
composed of a large percentage of water and other materials such as the skin which were
removed during the extraction process. Mucilage obtained from Pads 2 and 3, the only
pads that resulted in both GE and NE, was used in all experiments presented within this
work where comparisons regarding removal were studied.
A single pad was used in the simplified extraction method outlined in section 3.2
to obtain ground cactus extract (GC). Prior to processing, the pad was determined to
weigh 766.0 g and was found to be approximately 12 inches long by 6 ¼ inches wide.
The final mass of the ground powder was approximately 33.0 g resulting in an extraction
yield of 4.3%. This percent yield is considerably higher than obtained for the GE and NE
mucilage fractions because the cactus pad wall and pulp was not removed during the
ground cactus preparation. The GC flocculant obtained from this methodology will be
compared to the purified mucilage providing insight regarding the impact of mucilage
purity.

3.3.2 Chemical Characterization

Using the phenol-sulfuric acid assay, the purified GE and NE mucilage fractions
obtained were determined to be composed primarily of polysaccharides (Figure 3.4).
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Figure 3.4. Total percent sugar in mucilage extracts. Values determined using phenolsulfuric acid method. No significant difference determined among sugar compositions of
extracts from cactus pads 1 (P1_NE), 2 and 3 (P2&3_NE and GE) and 4 (P4B1 and
P4B2_NE) (P = 0.49). Significantly lower sugar composition found in ground cactus
extract (GC) (P = 0.001).

The sugar compositions of the mucilage extracts from cactus pads 1, 2, 3, and 4
were not significantly different from one another regardless of the mucilage fraction (P =
0.49). The total sugar compositions determined are comparable to those previously
demonstrated in mucilage extraction methods, particularly those shown by Goycoolea
and Cardenas (2003). This is expected as the protocol used to obtain the mucilage
followed closely to their published method. Goycoolea and Cardenas (2003) reported a
total of approximately 69.8% sugars in their GE mucilage and 53.0% sugars in the NE
mucilage (as shown in section 2.2.2). This percentage was determined by adding together
the reported percentages of arabinose, galactose, rhamnose, xylose and uronic acids. It is
possible that the true total sugar content of their mucilage is slightly higher if the

67

mucilage contains sugar types other than those studied. However, this difference is not
expected to be significant.
The sugar composition determined in the GC flocculant was found to be
significantly lower than the GE and NE mucilage extracts with an average content of
39.2% (P = 0.001). This is expected as the GC extract was not purified as thoroughly.

3.3.3 Structural Characterization

TEM images of GE and NE mucilage obtained with a magnification of 28,000x
are provided in Figure 3.5.

Figure 3.5. TEM images of 500 mg/L stock solutions of (A) GE and (B) NE.

The image of GE (A) displays an orderly linear structure with similar orientation
angles. Alternatively, the NE (B) has a denser, more net-like structure. Scans from the
AFM provided in Figure 3.6 confirm the structural differences shown in the images from
the TEM. Maximum heights of AFM scans were recorded as 2.01 nm (GE) and 1.42 nm
(NE).
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Figure 3.6. AFM scans of (A) GE and (B) NE mucilage. Imaged areas of 2 x 2 µm x-y
(left) and zoomed in scans with 0.5 x 0.5 µm x-y scan areas are provided.

It is likely that the structural differences seen between the GE and NE mucilage
are the result of the chemical structure differences discussed in section 2.2.2. Goycoolea
and Cardenas (2003) showed that over 50% of the GE mucilage extracted with their
methodology was composed of uronic acids, compared to only 11% of the NE mucilage.
This overabundance of uronic acids could potentially cause electrostatic repulsions in the
mucilage chain’s linear backbone causing the molecule to stretch out reducing the contact
area of the charged groups. The NE chemical structure has been determined to have a
lower composition of uronic acids which could potentially lead to charges in the core
structural backbone that are less intense than that in the GE allowing it to have a more
tightly coiled structure.
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Additionally, branching from the structures seen in the GE AFM scans is limited
compared to NE scans. This could also be due to higher uronic acid content in the
polysaccharide backbone of the GE molecule. If this is the case, there could be less
branching in the molecular structure due to larger gaps forming between the rhamnose
molecules that have side chains of galactose branching off.
The structural differences between the mucilage types could play an important
role in the mucilage’s ability to bind suspended particles as studied in the following
chapters.

3.4 Summary and Conclusions

In this chapter the extraction methods utilized in this work to isolate GE and NE
mucilage were outlined. These methods are a combination of the methods previously
presented by Goycoolea and Cardenas (2003), Turqouis et al. (1999), and Medina-Torres
et al.(2000) (T. Turquois, M. Rinaudo et al. 1999; Medina-Torres, L, Fuente, E. Brito-De
La et al. 2000; Goycoolea, Francisco M. and Cardenas, Adriana 2003). A total of 4 cactus
pads were utilized in the extraction and a combined total of 9.57 g of NE and 0.801 g of
GE were obtained with percent yields (mass of mucilage/mass of wet pad) of 0.4 to 1.46
% for NE and 0.15 % for GE. The mucilage powders that were obtained from the
extractions were stored on the bench top and ground into deionized water with a tissue
grinder prior to use. In addition to these purified versions of the mucilage, a ground
cactus flocculant was also obtained through a simplified process. In this process common
household materials were used and the pad wall and pulp were not removed.
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Through the phenol-sulfuric acid assay, the mucilage was determined to consist
primarily of polysaccharides with mean total sugar compositions ranging from 60.7 % to
70.4%. Significantly lower sugar content was found in the ground cactus flocculant
obtained with a simplified extraction method (39.2%) (P = 0.001). Sugar content in the
GE and NE mucilage used in the majority of this work (extracted from cactus pads 2 and
3) was comparable to the mucilage extracted by Goycoolea and Cardenas (2003).
Suspended stock solutions of GE and NE mucilage were studied using a transition
electron microscope (TEM) and an atomic force microscope (AFM) which showed that
the physical structures differ from each other. The GE was demonstrated to have a chain
like structure with similar orientation angles while NE displayed a more dense net like
structure. This is potentially related to the composition differences in the mucilage types
that was previously reported by Goycoolea and Cardenas (Goycoolea, Francisco M. and
Cardenas, Adriana 2003).
The structural characteristics of the GE and NE mucilage types have not been
previously reported and could, along with the chemical composition, play a significant
role in the flocculation of suspended particles. This concept will be further explored in
the following chapters.
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CHAPTER 4: AGGREGATION OF SEDIMENTS WITH MUCILAGE2

4.1 Introduction

The overall aim of this chapter is to study the impact that some of the most
influential parameters have on the mucilage and its ability to bind sediment particles.
Kaolin clay was selected as model sediment and tested under various conditions
to determine the parameters that affect the flocculation capability of the GE and NE
mucilage types. In this chapter, the effects of GE and NE concentration, kaolin
concentration, salt addition and concentration, water type, and kaolin treatments
(structural modifications) will all be analyzed to determine the optimal operating
conditions for the mucilage. How these conditions and parameters impact the mucilage
induced particle aggregation are also discussed.
The structure and surface charge of kaolin was previously discussed in section
2.4.1 where kaolin was shown to have an overall negative charge in neutral or basic
solutions. The effects of acid-washing on the surface structure and overall charge of the
kaolin was also discussed. These concepts will be recalled in this chapter to explain the
flocculation of kaolin suspensions treated with mucilage.

2

Portions of these results have been reprinted with permission from Buttice, A. L., J. M. Stroot, et al.
(2010). "Removal of Sediment and Bacteria from Water Using Green Chemistry." Environmental Science
and Technology 44(9): 3514-3519. Copyright (2010) American Chemical Society.
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The impact of flocculants isolated from microbial byproducts and pectins were
discussed in section 1.4. Both of these natural flocculants have chemical compositions
that are similar to the known compositions of the NE and GE mucilage fractions. These
flocculants demonstrated interactions with, and in some cases high dependency on, the
addition of cations such as Na+, K+, Mg2+, Ca2+, Al3+, and Fe3+. These cations were
studied alone and in conjunction with mucilage treatment to determine their effects and
results are compared to other known natural flocculants.
All experiments were conducted using simple column tests and results are
presented in terms of settling rates, flocculation activity, and removal percentages.
Additionally, topographic confirmations of flocs are depicted with TEM and light
microscope images.

4.2 Materials and Methodology

Simple column assays were utilized to evaluate the flocculation capabilities of the
GE and NE mucilage extracts. Column arrays were prepared by modifying 10 mL
Fisherbrand serological pipettes and sealing the tips with parafilm wax. The columns
were then secured together and hung from a ring stand. Untreated or acid-washed kaolin
(Fisher Scientific: S71954 and K2-500) was suspended in 7 mL of hard, soft or deionized
water. Suspensions were prepared in 15 mL centrifuge tubes 24 hours prior to
experimentation to ensure complete hydration of the particles and to allow equilibrium to
be reached with the aqueous media. During experimentation, 2 mL of deionized water
containing the desired GE or NE mucilage concentration was added to the tube
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containing the kaolin. Additionally, 1 mL of 0.01 M phosphate buffer saline (PBS, pH =
7.44) was added, thus preserving the background conditions utilized in bacteria
suspensions (to be discussed in chapter 5). The final experimental volume in all cases
was 10 mL. The mixture was vortexed for approximately 5 seconds until complete
mixing was achieved and then carefully poured into the column array where the
suspension was observed for up to 1 hour.
All hard and soft surrogate water was filtered using 500 mL bottle top filters with
0.20 µm cellulose nitrate membranes to remove any contamination that had occurred
during handing or storage. In experiments where salts such as NaCl, KCl, MgCl2, CaCl2,
Al2(SO4)3, and FeCl3 were examined, salts were dissolved in hard, soft, or deionized
water and filtered using a 50 mL bottle top filter with a 0.22 µm cellulose acetate
membrane prior to use.
Kaolin concentrations ranging from 0.05 to 50 g/L were tested. All kaolin
suspensions were diluted from either 50 or 5 g/L stock suspensions. In tests studying the
removal of 50 g/L of kaolin, which mimic mud-like conditions, settling rates were
obtained. In many tests, the flocculation activity (FA) as discussed in section 1.5 and
removal percentage were also determined. When imaging was desired, 1 mL samples
were collected from the top 1/10 of the column as well as from the kaolin-water interface
using a long Pasteur pipette after sedimentation had occurred. Imaging was performed on
a light microscope using a 10 µL aliquot of sample on a glass slide with a coverslip.
Imaging was also performed on some kaolin samples using a transition electron
microscope (TEM).
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All experiments were conducted in replicates of at least three and statistical data
was determined using Origin Pro 8 (Northampton, MA). One way analysis of variance
( NOV ) and Tukey test of means comparisons (α = 0.05), performed using OriginPro
8, were used to compare removals. Settling rates, flocculation activities and removal
percentages were determined as follows.
In column tests containing high concentrations (50 g/L) of suspended solids,
which were used to mimic mud-like conditions, a clear interface was observed as the
kaolin settled in the water columns (left image Figure 4.1). The height of this interface
was recorded every minute for up to one hour. The kaolin height (cm) was then plotted as
a function of time as shown in Figure 4.1 (plot). In this example, interface heights were
collected from a 50 g/L kaolin suspension in deionized water treated with GE
concentrations ranging from 0 to 50 ppm (mg/L).

Figure 4.1. Full 60 minute settling plot of 50 g/L of kaolin in deionized water treated with
GE. Picture on left side illustrates the kaolin-liquid interface which was read every
minute for up to sixty minutes. The plot on right demonstrates the interface height as a
function of time for GE treatments ranging from 0 to 50 ppm (mg/L).
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Due to the dynamics of the column tests, the example plot shown in Figure 4.1
demonstrates a period of linear settling prior to particle compression in the bottom of the
column. Settling rates were obtained by truncating the data where compression begins
and applying a linear curve fit, as demonstrated in Figure 4.2. All linear curve fit data
was analyzed with Origin Pro 8 and at least 3 experimental runs.

Figure 4.2. Demonstration of settling rate determination. The insert shows how settling
rates can be obtained from plots of the kaolin-liquid interface height as a function of time.
The plot is truncated and the slope (kaolin height/time) is obtained. This example is from
suspensions of 50 g/L of kaolin in deionized water treated with 0 to 50 ppm (mg/L) of
GE mucilage.

All experiments utilizing suspensions of 50 g/L of kaolin were analyzed in this
manner. Settling rates versus mucilage concentration were obtained and compared.
In most cases, a 1 mL sample was extracted from the top of the water column (the
top 10%) after 15 minutes using a Pasteur pipette and a bulb. The 1 mL sample was
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vortexed for 5 seconds until well mixed to redisperse any small flocs that had not settled.
This was done in order to regulate readings of the kaolin remaining in suspension.
Optical density was then measured using a spectrophotometer with the given water type
used as a calibration point. The flocculation activity (FA) was calculated with the
following expression:

This expression is commonly used in previous works where flocculants are being
evaluated for their removal abilities (Takeda, Minoru, Kurane, Ryuichiro et al. 1991;
Kurane, Ryuichiro, Hatamochi, Kazuhiro et al. 1994; Shih, I.L., Van, Y.T. et al. 2001;
Yokoi, Haruhiko, Obita, HT. et al. 2002; Zhang, J., Wang, R. et al. 2002; Zhang,
Jingdong, Zhang, Fang et al. 2006; Li, Zhong, Chen, Rho-Wei et al. 2009).
The flocculation activity equation normalizes the optical density of the solution in
the top of the treated suspensions with the untreated control column. Intrinsically, the
control will always have a null flocculation activity (zero value). Flocculation activities
greater than zero indicate that the treatment method removed more suspended particles
than the control. Conversely, flocculation activities less than zero demonstrate that more
particles remain in the supernatant of the experimental column than in the control.
In addition to flocculation activity, the percent removal of kaolin was determined
using the initial concentration and a calibration curve (Figure 4.3). The calibration data
provides optical density (A) as a function of kaolin concentration (g/L). Some results will
be shown in terms of both flocculation activity and percent removal to clarify the effect
of the flocculant treatment and to provide a complete analysis of particle removal.
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Figure 4.3. Kaolin-optical density calibration curve. Plot demonstrates the optical density
of kaolin as a function of kaolin concentration. The provided equation OD (A) =
1.268*Kaolin Concentration (g/L) + 0.011 is a linear curve fit with an R2 = 0.9994.

A calibration curve was also prepared comparing the optical density and turbidity
(NTU) of varying kaolin concentrations. Turbidity was determined using a HF Scientific,
Inc. Micro 100 Turbidimeter calibrated with Primetime Standards (Lot 70107). The
relationship determined between optical density and turbidity was determined to be
Turbidity = 845.97* (OD) with a linear curve fit and R2 of 0.99. Using this relationship,
the residual kaolin in the top of column tests using optimal mucilage concentrations were
translated from optical density to turbidity.

4.3 Discussion and Analysis of Kaolin Removal Results

4.3.1 Settling Results

The settling rates of suspensions containing 50 g/L of kaolin in hard, soft, and
deionized water are provided in Figure 4.4. Settling rates are shown as a function of NE
(left plot) and GE (right plot) mucilage concentrations ranging from 0 to 100 mg/L.
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Several important characteristics of mucilage induced settling are demonstrated in these
results, including the impact of mucilage concentration, mucilage type, and water type on
settling rates.
These results demonstrate that the mucilage concentration has a significant impact
on the settling rate of the suspended kaolin. The kaolin settling rates increase in a linear
manner as mucilage concentrations increase from 0 to 75 mg/L regardless of mucilage
type. The optimal concentration of mucilage occurs between 75 and 100 mg/L of NE or
GE and further mucilage addition does not produce significant increases in the settling
rate.

Figure 4.4. Kaolin (50 g/L) settling rates (cm/min) when suspended in hard water (HW),
soft water (SW) and deionized water (DI). Treated with NE (right), and GE (left)
(Buttice, Audrey L. 2009; Buttice, A. L. , Stroot, J. M. et al. 2010).

The settling rates also demonstrate that the NE mucilage has a more substantial
effect on kaolin settling behavior than the GE mucilage. This suggests that, under the
conditions of this experiment, NE is a more effective flocculant for kaolin particles. In
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suspensions of hard water treated with 100 mg/L of NE, averages settling rates of 13
cm/min were achieved compared to control settling rates of 0.53 cm/min. Columns under
the same conditions treated with 100 mg/L of GE reached average settling rates of 11
cm/min. Suspensions in deionized water and soft water display similar differences.
The advantage of NE over GE can be quantified by the ratios of settling rates with
respect to mucilage concentrations (Table 4.1). These ratios were determined by finding
the slope of the linear portion of the plots in Figure 4.4. In deionized, soft, and hard
waters the GE mucilage caused settling to occur 8.3, 31.5, and 51.6 percent slower than
NE in the same water type.
This difference could be caused by the structural differences described in section
3.3.2. From the AFM scans and TEM images of the mucilage, it was shown that the NE
offers a more dense structure with what appears to be a larger surface area than the GE.
The NE structural configuration may allow for more kaolin binding, thus a higher
increase in settling rates.

Table 4.1. Settling rates/mucilage concentration ratios for 50 g/L kaolin with GE and NE.
Non-gelling Extract (NE)

Gelling Extract (GE)

Percent
Difference
Between
NE and GE
Treatment
(%)

Water
Type

Settling
rate/mucilage
conc.
(cm/min)/(mg/L)

Water
Type

Settling
rate/mucilage conc.
(cm/min)/(mg/L)

Deionized
Water

0.12±0.01

Deionized
Water

0.11±0.00

8.3

Soft Water

0.19±0.02

Soft Water

0.13±0.01

31.5

Hard
Water

0.31±0.02

Hard
Water

0.15±0.00

51.6
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This difference could also be explained in terms of the chemical structure that was
previously discussed in section 2.2.2. It is known that the GE mucilage contains a high
concentration of uronic acids in its linear polysaccharide backbone. These previous
findings indicate that GE has more negatively charged sites than NE, which caused it to
be inherently more sensitive to cation influence. Such charge characteristics could be
hindering the ability of the GE mucilage to aggregate the kaolin particles, which would
carry an overall negative charge in the environments utilized in these settling studies.
The concentration of ions in the water also influenced the ability of mucilage to
aggregate particles and increase settling rates (Figure 4.4 and Table 4.1). Regardless of
the water type being used, the control kaolin suspensions (0 mg/L of mucilage) settled at
a rate of 0.50 ± 0.08 cm/min. This is evidence that the presence of ions in the soft and
hard waters do not increase the ability of the kaolin particles to naturally aggregate.
These results suggest that settling rate differences between water types is most likely the
result of the ions interacting with the charged groups on the surface of the mucilage.
Additionally, the ions in the water could be acting as a kaolin-mucilage bridge allowing
for increased interactions and larger floc formation.
During the course of experimentation, it was noticed that in kaolin columns with
mucilage treatment, large floc formation could be seen in the suspensions. Figure 4.5
depicts flocs in studies of 50 g/L of kaolin suspended in deionized water. Suspensions
treated with 15, 25, and 50 mg/L of GE (columns 2, 3, and 4) show significant particle
aggregation compared to the control suspension (column 1). This aggregation is most
likely responsible for increased settling rates. Similar flocs were seen in suspensions with
different water types as well as with NE mucilage treatments.
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Figure 4.5. Kaolin flocs observed in 50 g/L deionized water experiments. Image shows
(1) untreated kaolin controls, (2) kaolin treated with 15 mg/L of GE, (3) 25 mg/L of GE,
and (4) 50 mg/L of GE.
Samples of kaolin from settling test suspensions were imaged with a TEM (Figure
4.6). Image A was taken from a sample extracted from the top of a control column that
was not treated with mucilage. A single kaolin particle is observed and no aggregation is
seen. Image B shows a kaolin floc formed with the addition of 50 mg/L of NE. Note that
these samples were extracted from the top of kaolin columns after treatment. Therefore,
the presence of flocs indicates that some aggregates had formed due to the mucilage that
had not yet settled from solution. In the case that optimal removal is desired, these
images suggest that the removal rates could be increased by filtering the supernatant of
mucilage treated water with a coarse filter. Image A suggests that if the same coarse filter
was used for the supernatant of untreated solutions, the un-aggregated kaolin particles
would not be removed if the filter pore size was larger than 1µm.
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Figure 4.6. TEM images of (A) kaolin control and (B) kaolin treated with 50 mg/L NE.
Images are of a sample extracted from the top of deionized water columns with 50 g/L
kaolin concentrations.
Samples were also extracted from the kaolin-water interface after settling had
occurred and imaged on a light microscope with 200x magnification (Figure 4.7). Kaolin
particles in control columns are spread out and no aggregation is seen (Image A).
Conversely, images treated with 50 mg/L of NE show large flocs of kaolin particles
(Image B).

Figure 4.7. Light microscope images of 50 g/L kaolin in hard water with (A) no treatment
and (B) 50 mg/L NE. Images were obtained with a magnification of 200x.
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4.3.2 Effects of Ion Addition on Kaolin Removal and Settling Rates

In hard water suspensions of 5 g/L of kaolin a clear interface did not form, thus
settling rates could not be determined. In such suspensions, mucilage treatment still
caused particle aggregation and small flocs formed within the column. After 15 minutes
of settling, the top 1 mL of the column was extracted and the optical density was
obtained. The flocculation activity was then calculated as discussed in section 4.2.
When treated with 5 to 100 mg/L of GE or NE mucilage, suspensions were
determined to have flocculation activities below zero (Figure 4.8). Such data indicates
that there was a higher particle concentration remaining in the top of the mucilage treated
columns compared to control suspensions with no treatment. This is potentially due to the
formation of small aggregates that remain dispersed in solution due to their low mass.
These results are intrinsically similar to those discussed in section 1.4 where researchers
studying microbial flocculants stated that no increase in removal was achieved using the
bioflocculant alone. These comparable results are not surprising considering the
similarities in chemical structure between the microbial flocculants and mucilage. These
findings led to the integration of cations with the mucilage treatment which will be
studied in this section.
It is important to note that regardless of the flocculation activity outcomes,
microscope images showed that flocs were formed in the 5 g/L kaolin columns that were
treated with mucilage (Figure 4.9). With no mucilage treatment (Image A) kaolin
particles are well distributed in solution and little aggregation has occurred. Samples
from suspensions treated with NE demonstrate particle aggregation and as mucilage
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concentration increased from 5 to 50 mg/L the floc size and density grew considerably
(Images B and C).

Figure 4.8 Flocculation activity of 5 g/L of kaolin suspended in hard water treated with
NE and GE mucilage.

Figure 4.9 Light microscope images of kaolin flocs formed in suspensions with 5 g/L of
kaolin suspended in hard water. (A) no treatment, (B) 5 mg/L of NE, and (C) 50 mg/L of
NE. Similar results were observed in suspensions with soft and deionized water.
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Previous literature has suggested that cations can have a positive influence on the
aggregation of suspended particles when used with polysaccharide based flocculants. The
influence of monovalent (Na+ and K+), divalent (Mg2+ and Ca2+), and trivalent (Al3+ and
Fe3+) cations during suspension treatments with microbial flocculants and pectins have
previously been studied. Overall it was demonstrated that divalent cations were more
effective in aiding the polysaccharide based flocculants than monovalent and trivalent
cations when used at optimal concentrations (Toeda, Kazuki and Kurane, Ryuichiro
1991; Kurane, Ryuichiro, Hatamochi, Kazuhiro et al. 1994; Kurane, Ryuichiro,
Hatamochi, Kazuhiro et al. 1994; Yokoi, H., Natsuda, Osamu et al. 1995; Yokoi, H.,
Arima, T. et al. 1996; Choi, Chang Won, Yoo, Soon-Ae et al. 1998; Shih, I.L., Van, Y.T.
et al. 2001; Li, Zhong, Chen, Rho-Wei et al. 2009).
Similar results were determined in studies investigating the addition of 0.2 and 20
mM of monovalent, divalent, and trivalent cations in combination with GE and NE
mucilage treatments (Figure 4.10). These results focus on the removal of 0.5 g/L of
kaolin suspended in hard water. Flocculation activities were determined in suspensions
treated with each cation alone, and in conjunction with 15 mg/L of GE or NE mucilage.
All flocculation activities presented for cation and cation-mucilage treatments were
normalized with the optical density of control columns containing no cation or mucilage
treatment.
Without the introduction of additional cations, flocculation activities in 0.5 g/L
kaolin suspensions were determined to be -0.38 ± 0.07 and -0.09 ± 0.00 with 15 mg/L of
NE and GE treatment, respectively (data not shown in Figure 4.10). This indicates that
mucilage alone does not produce kaolin removal rates higher than control suspensions.
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Comparing these results with the flocculation activities shown in Figure 4.10, it is
apparent that the addition of Ca2+ can greatly increase removal when the appropriate
concentrations are used.

Figure 4.10. Flocculation activity with the addition of (A) 0.2 mM and (B) 20 mM of
Na+, K+, Ca2+, Mg2+, Al3+, and Fe3+. Experiment conducted with 0.5 g/L kaolin
suspended in hard water treated with 15 mg/L GE and NE mucilage. Flocculation activity
calculated compared to a control with no mucilage and no additional cations.

Little to no decrease in residual optical density was determined with the addition
of 0.2 mM of monovalent (Na+ and K+), divalent (Ca2+ and Mg2+), and trivalent (Al3+ and
Fe3+) cations as shown by the low flocculation activities in Figure 4.10, Plot A. Under
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these conditions, the only cation determined to have a residual optical density
significantly lower than the control suspensions (indicating higher kaolin removal) was
Fe3+ (P = 0.008). It is noted, however, that the addition of 15 mg/L of GE or NE
mucilage with the Fe3+ did not significantly increase the particle removal further than
Fe3+ alone (P = 0.81). The slight increase in flocculation activity with the addition of Fe3+
could be due to the neutralization of the kaolin surfaces that may occur when the
additional ions are introduced to the water. This would reduce electrostatic repulsions
making it easier for particles to aggregate. It is also likely that the Fe3+ is hydrolyzing and
causing kaolin removal through particle enmeshment.
When the cation concentration was increased from 0.2 mM to 20 mM, the impact
of ion addition on kaolin removal changed (Figure 4.10, Plot B). With 20 mM cation
addition, Ca2+ was the only cation determined to significantly decrease the residual
optical density compared to controls (P < 0.0001) as indicated by the increased
flocculation activity. The addition of NE and GE with Ca2+ both significantly increased
the flocculation activity compared to Ca2+ alone, with NE being more effective than GE
(P < 0.0001). Flocculation activities achieved by NE and GE were determined to increase
from -0.38 ± 0.07 to 9.74 ± 0.16 and from -0.09 ± 0.00 to 5.8 ± 0.54, respectively, with
the addition of 20 mM of Ca2+. Unlike previous results with 0.2 mM cation addition, Fe3+
did not have a positive influence on particle removal compared to control suspensions
with mean flocculation activities below zero. These results are similar to those previously
reported for kaolin suspensions treated with cations and polysaccharide based
bioflocculants (Yokoi, H., Yoshida, T. et al. 1997). Due to the significant increase in
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removal achieved with the addition of Ca2+ in conjunction with mucilage, further
experiments were performed with 20 mM of Ca2+ to evaluate its impact.
The pH values determined in suspensions containing 20 mM of cation addition
are shown in Table 4.2. These results show that the pH of the suspensions remain neutral
with the addition of the monovalent and divalent cations. When trivalent cations were
added, the pH was determined to drop as low as 2.00. This coincides with previous work
and shows that if trivalent cations were used additional precautions would need to be
taken to raise the pH of the water (Peng, Felicia F. and Di, Pingkuan 1994).

Table 4.2. Final pH of kaolin suspensions with 20 mM of added cations.
Cation (20 mM)
Na+
Final
Solution pH

7.64 ± 0.15

K+
7.44 ± 0.11

Ca2+
7.53 ± 0.24

Mg2+
7.73 ± 0.01

Al3+
3.41 ± 0.08

Fe3+
2.00 ± 0.03

It is relevant to note that the addition of 20 mM of Ca2+ could cause significant
increases in the alkalinity of the water. Further studies would be necessary to determine
the impact of the cation addition. In previous work, D.I. Fox (2011) demonstrated high
removal of Fe3+ utilized to assist in arsenic removal with cactus mucilage during column
tests (Fox, Dawn I. 2011). This demonstrates the possibility that significant reductions in
Ca2+ concentration added are occurring during particle removal, although this concept
was not further studied in this work.
The settling rates of suspensions containing 50 g/L of kaolin in hard water, as
discussed in section 4.3.1 were reevaluated with the addition of 20 mM of Ca2+ (Figure
4.11).
89

Figure 4.11. Influence of 20 mM Ca2+ on the settling rate of 50 g/L kaolin in hard water.
Plot shows settling rate (cm/min) with respect to mucilage concentration. Closed symbols
represent the settling rates achieved with mucilage treatment alone and open symbols
represent treatment with mucilage and 20 mM Ca2+.
The addition of Ca2+ had very little effect on control columns with no mucilage
addition. These results support previous findings where the ion concentrations of the
suspension water (different water types) had little influence on the natural settling rate of
the kaolin. However, as mucilage concentrations ranging from 5 to 100 mg/L are added
in conjunction with the Ca2+, decreases in the previously determined settling rates were
seen. This was particularly evident in suspensions treated with 25 to 100 mg/L of
mucilage. With the addition of 20 mM of Ca2+ kaolin settling rates with 100 mg/L of NE
decreased by 16.7% from 13 cm/min to 11 cm/min. The settling rates achieved in
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suspensions treated with 100 mg/L of GE were more severely impacted by Ca2+ addition,
with settling rates decreasing by 44.5% from 11 cm/min to 6.1 cm/min.
Regardless of this decrease, general trends in the settling rates with respect to
mucilage concentration remain similar to previous findings. As previously determined,
the addition of the NE mucilage resulted in higher settling rates than the GE mucilage.
Additionally, optimal mucilage concentrations were still reached between 75 and 100
mg/L of mucilage addition.
Overall decreases in settling rates could possibly be due to the formation of
smaller flocs caused by the availability of additional cations (Ca2+). Previous studies have
suggested that the addition of Ca2+ to the mucilage could neutralize areas of the mucilage
backbone. This would cause the molecule to contract, as there would be less electrostatic
repulsion occurring between the uronic acids in the repeating linear backbone. If this is
the case, less surface area would be available for kaolin interaction causing the kaolin
flocs to be smaller in size. Similar results were reported in studies utilizing
polyacrylamide with the addition of Ca2+ (Peng, Felicia F. and Di, Pingkuan 1994).
In order to evaluate the possibility of smaller floc formation, light microscope
images were taken of samples extracted from the kaolin-liquid interface after settling
(Figure 4.12). The top row of images in Figure 4.12 show 100x magnification of samples
from 50 g/L kaolin suspensions that did not contain additional Ca2+.
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Figure 4.12. Light microscope images of 50 g/L of kaolin treated with NE and GE with
and without 20 mM of Ca2+. The top left image acquired from samples taken from control
columns with no treatment show scattered particles with little aggregation. Small flocs
are observed with the addition of 20 mM of Ca2+ and large flocs are observed in
suspensions treated with 50 mg/L of NE or GE both with and without Ca2+ addition.
Magnification of flocs was 100x.

In control suspensions with no mucilage little to no kaolin aggregation was seen
(top left). With the addition of 50 mg/L of NE and GE, large kaolin flocs had formed (top
middle and right). These results are the same as previously shown in 200x light
microscope images and TEM images. However, at this lower magnification (100x) it is
possible to see the different shapes of the kaolin flocs. In samples from columns with 50
mg/L of GE, the kaolin flocs follow a linear path with similar orientation angles. This
arrangement is very similar to the physical structure of the GE mucilage seen with TEM
and AFM analysis (section 3.3.1). The NE, on the other hand, has formed larger kaolin
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flocs that do not appear to be organized in any specific manner. This could be related to
the dense, net-like structure of the NE (section 3.3.1).
Images in the bottom row of Figure 4.12 demonstrate the changes in floc structure
that occurred with the addition of 20 mM of Ca2+. The control suspensions with no
mucilage addition had slight kaolin aggregation, although the kaolin was still highly
dispersed in the solution (bottom left). Small flocs formed with the addition of 20 mM of
Ca2+ were most likely formed either by charge neutralization of areas of the kaolin
surface or by Ca2+ bridges forming between particles. In suspensions containing 50 mg/L
of NE and GE combined with Ca2+, kaolin aggregation had still occurred (bottom middle
and right). However, the flocs appeared to be smaller than their counterparts with no
Ca2+. The formation of the smaller flocs shown in these images accounts for the decrease
in settling rates determined in the columns.

4.3.3 Effects of Mucilage and Kaolin Concentration on Removal

In the previous section (4.3.2), it was demonstrated that adding 20 mM of Ca2+ to
kaolin suspensions increased the flocculation activity of the mucilage. This section
applies this knowledge while studying the effects of mucilage concentration on
suspended kaolin removal. Additionally, the impact of kaolin concentration on mucilage
treatment was tested with kaolin suspensions ranging from 0.05 to 50 g/L. All results
presented in this section were attained from hard water suspensions.
Flocculation activities achieved in suspensions of 50 g/L (A), 5 g/L (B), and 0.05
g/L (C) of kaolin are shown in Figure 4.13 for mucilage treatments ranging from 0 to 100
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mg/L. In addition to mucilage, 20 mM of Ca2+ was also added to all suspensions. All
flocculation activities provided in Figure 4.13 were normalized using the optical density
of control columns containing no Ca2+ or mucilage. The red dashed lines in these plots
indicate the flocculation activity determined in columns containing only Ca2+ (0 mg/L NE
or GE). These lines were applied to simplify the comparisons between Ca2+ controls and
mucilage treated suspensions.
Although it was previously demonstrated that the addition of 20 mM of Ca2+
without mucilage did not alter the settling rate of 50 g/L kaolin suspensions, an increase
in particle removal was achieved (Figure 4.13 A, 0mg/L of mucilage). Higher removal
than controls with no Ca2+ is indicated by a flocculation activity of 6.1. This is most
likely due to the small flocs that formed in suspensions when 20 mM of Ca2+ was added,
as seen previously in Figure 4.12. It is possible that the flocs were not large enough to
increase the settling rate significantly, although the entrapment of additional particles
could have increased kaolin removal.
In suspensions of 50 g/L of kaolin with 20 mM of added Ca2+, mucilage
concentrations of 5 to 100 mg/L were not determined to have a substantial impact on the
flocculation activity (Figure 4.13 A). The highest flocculation activities reached were
accomplished with 10 mg/L of NE and 25 mg/L of GE with values of 6.9 and 7.7,
respectively. Compared to Ca2+ control columns with average flocculation activities of
6.1, mucilage addition has a relatively small impact. With mucilage concentrations
between roughly 50 and 100 mg/L all flocculation activities determined fell below that of
the Ca2+ control. The low flocculation activities occurring with mucilage addition are
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most likely caused by the formation of small flocs that are not heavy enough to settle
from the solution.

Figure 4.13. Flocculation activity of kaolin treated with NE and GE in combined with
Ca2+. Results are shown for A) 50 g/L, B) 5 g/L, and C) 0.05 g/L of kaolin suspended in
hard water treated with 0-100 mg/L of GE or NE in conjunction with 20 mM of Ca2+. The
red dashed line indicates that Flocculation Activity of columns treated with 20 mM of
Ca2+ only and is shown here as a reference.
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As kaolin concentration in the suspension decreases from 50 g/L to 5 g/L, a
change in behavior was seen in all suspensions (Figure 4.13 B). The flocculation activity
attained with Ca2+ alone (0 mg/L of mucilage) decreased from 6.1 to 0.4. This reduction
could be attributed to two possible scenarios. First, it is possible that slight overdosing is
occurring with the addition of 20 mM of Ca2+. Secondly, if the main interaction between
the Ca2+ and kaolin is charge neutralization, aggregation would rely heavily on the
collision of particles. It is possible that the lower concentration of kaolin in suspension
could be resulting in less frequent particle collisions causing decreases in particle
aggregation, thus removal. This would also explain the higher flocculation activities
determined in suspensions of 50 g/L of kaolin. With more particles in solution, it is
assumed that a higher rate of particle collision would occur resulting in more aggregation
and removal.
With the addition of 5 to 100 mg/L of NE or GE mucilage to 5 g/L kaolin
suspensions, the general trends previously reported among polysaccharide based
flocculants began to emerge (Figure 4.13 B) (Yokoi, Haruhiko, Obita, HT. et al. 2002).
Slight increases in flocculation activity occurred as NE addition increased from 0 to 15
mg/L. With the addition of 15 mg/L of NE and 20 mM of Ca2+, the flocculation activity
reached a peak of 3.4. As NE concentration continuesd to rise from 15 to 100 mg/L the
flocculation activity slowly decreased until particle removal was nearly equivalent to
columns with no mucilage addition. Similar trends, although different in value, were
determined in suspensions with GE mucilage addition. As GE concentrations increased
from 5 to 75 mg/L, gradual increases in flocculation activity were seen. In this case, the
flocculation activity peaks at 2.1 with 75 mg/L of GE. Between 75 and 100 mg/L of GE
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addition, the flocculation activity decreased. These trends are consistent with results
published concerning bioflocculants of similar polysaccharide based compositions
(Yokoi, Haruhiko, Obita, HT. et al. 2002).
The impacts of mucilage concentration discussed above were even more profound
in 0.05 g/L kaolin suspensions (Figure 4.13 C). Flocculation activity in suspensions with
only Ca2+ addition were determined to decrease significantly compared to results from
higher kaolin concentrations. Under these conditions, the addition of Ca2+ resulted in
average flocculation activities below zero, indicating that less removal has occurred than
in control columns with no mucilage or Ca2+. The decrease in flocculation activity could
most likely be attributed to overdosing, possibly through charge reversal.
Although in suspensions of 0.05 g/L of kaolin the addition of Ca2+ alone resulted
in low flocculation activity, the mucilage was determined to be extremely effective
(Figure 4.13 C). The general trends seen in 5 g/L kaolin suspensions were even more
evident at this lower concentration. As NE and GE concentrations increased from 0 to 15
mg/L, the flocculation activity increased. With 15 mg/L of NE or GE and 20 mM of Ca2+,
optimal flocculation activities were 23.5 and 16.1, respectively. Using the calibration
equation discussed in the methodology section of this chapter, these removals resulted in
final supernatant turbidities of 19.5 ± 3.7 NTU (NE) and 23.1 ± 3.4 NTU (GE) As
mucilage concentrations continued to increase from 50 to 100 mg/L, an abrupt decrease
in flocculation activity was seen. This indicates that there is potential for overdosing with
the mucilage flocculant. These results are consistent with previous studies of the O. ficusindica as a natural flocculant (Miller, Sarah M., Fugate, Ezekiel J. et al. 2008).

97

High flocculation activities in 0.05 g/L kaolin suspensions show that mucilage
remains an effective flocculant even at low particle concentrations. As kaolin
concentration is decreased, less natural settling occurs in the columns with no treatment.
Due to the ability of the GE and NE to continue forming flocs at low kaolin
concentrations, they are able to achieve much higher removal than controls. This
behavior is further explored in Figure 4.14, where the effects of kaolin concentrations
ranging from 0.05 to 50 g/L are studied.

Figure 4.14. Flocculation activity (A) and percent removal (B) as a function of kaolin
concentration. Plots demonstrate removal of kaolin concentrations ranging from 0.05 –
50 g/L suspended in hard water untreated, treated with 15 mg/L NE and GE mucilage
only, 20 mM Ca2+ only, and 15 mg/L NE and GE mucilage in conjunction with 20 mM
Ca2+.
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Figure 4.14 shows the flocculation activity (A), as well as removal percent (B),
for kaolin suspensions ranging from 0.05 to 50 g/L in hard water treated with 15 mg/L of
NE or GE. These results pertain to suspensions with (open symbols) and without (closed
symbols) 20 mM of Ca2+. In flocculation activity calculations controls containing no Ca2+
or mucilage were used for normalization. Removal percentages were calculated by
comparing the initial kaolin concentration in the suspensions to the kaolin concentration
after settling, which was determined with the calibration curve provided in Section 4.2.
As kaolin concentration decreased from 50 to 0.05 g/L (right to left on the x-axis),
flocculation activity in suspensions treated with GE and NE alone remained relatively
close to zero (Figure 4.14 A). This indicates that particle removal is similar to a control
with no mucilage.
The addition of 20 mM of Ca2+ alone caused slightly higher particle removal than
controls for most of the studied kaolin concentrations. However, when used to treat
kaolin concentrations of 0.05 g/L flocculation activity was below zero indicating that
there are more suspended particles in these suspensions after treatment than controls. As
previously mentioned, this is most likely due to overdosing and possible charge reversal.
With the addition of 15 mg/L of NE or GE mucilage and 20 mM Ca2+, the
flocculation activity increased as kaolin concentration decreased from 50 to 0.05 g/L.
Increasing flocculation activity shows that the difference in particle removal between the
control and experimental suspensions is increasing. The highest flocculation activities
reached occurred in suspensions of 0.05 g/L of kaolin and were determined to be 23.5
and 16.1 for NE and GE addition, respectively. These high flocculation activities indicate
that the mucilage remains capable of aggregating and removing kaolin particles at
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concentrations where natural removal is relatively low. These results are elucidated by
studying the kaolin removal percentages in the suspensions after treatment and recalling
that FA is removal normalized with the control (Figure 4.14 B)
As kaolin concentrations decreased from 50 to 0.05 g/L, a decline in removal
percent was seen in all suspensions. With kaolin concentrations of 50 g/L, all particle
removal was determined to be in the 99 percentile, regardless of mucilage or Ca2+
addition. This high removal is most likely due to the large amount of particles that were
suspended in the system.
As the mass of suspended kaolin decreased from 50 to 0.05 g/L removal
percentages in columns containing no Ca2+ or mucilage (controls) significantly decreased
from 99.5% to 28.9% (P = 0.0006). These results demonstrate that natural settling
decreases significantly with lowering particle concentrations. Similar results were seen in
controls with the addition of 20 mM of Ca2+ with decreased removal from 99.8% to
19.8% (P =0.001).
Similar trends were seen in suspensions treated with only NE and GE mucilage.
With the addition of 15 mg/L of NE and GE removal percentages declined from 99.7% to
32.8% (NE) and from 99.6% to 31.3% (GE). The addition of mucilage in suspensions of
0.05 g/L resulted in higher mean kaolin removal than control suspensions. This suggests
that mucilage alone can be an active flocculant under these conditions. Between kaolin
concentrations of 0.5 and 0.05 g/L, removal with GE and NE reached a constant value
and no further decreases were seen. This could potentially explain results reported by
previous researchers. Using an unpurified version of the mucilage as a flocculation agent
the researchers stated that the mucilage was able to remove suspended particles to the
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same turbidity (5 to 7 NTU) regardless of initial kaolin concentration (Miller, Sarah M.,
Fugate, Ezekiel J. et al. 2008). It is possible that these studies were performed in the
kaolin concentration range where particle density in the solution did not impact the
flocculation ability of the mucilage.
Results evaluating GE and NE combined with Ca2+ show that declines in removal
rates due to decreasing kaolin concentrations do not occur as rapidly as seen in other
suspensions. With 15 mg/L of NE or GE and 20 mM of Ca2+ removal rates as high as
68.0% and 53.9% were achieved in 0.05 g/L kaolin suspensions. These results
demonstrate that mucilage combined with Ca2+ can serve as an effective flocculant at a
range of suspend solid concentrations. Additionally, the impact of cation addition on
mucilage is again observed.
These results also support previous suggestions that bridging and charge
neutralization are dominant mechanisms in particle flocculation with mucilage (Miller,
Sarah M., Fugate, Ezekiel J. et al. 2008). The impact that decreasing particle
concentration has on controls with and without Ca2+ suggest that particle collisions are
important in the aggregation of kaolin in these suspensions. As particle concentration
decreases, less collisions occur resulting in lower removal. In suspensions treated with
mucilage and Ca2+ the effect of decreasing particle concentration, hence decreasing
collisions, is not as extreme. This suggests that particle collisions are not as important
with these treatments, which is characteristic of a bridging mechanism. The differences
between the mucilage alone and the mucilage combined with Ca2+ show that charge
neutralization is also an important factor in the efficiency of the mucilage. It is speculated
that the Ca2+ is either neutralizing the charged groups on the kaolin and/or mucilage
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structures allowing for easier binding. Additionally, the Ca2+ could be acting as a cation
bridge between the mucilage and kaolin particles.
Through the results documented in this section, it is shown that cation type and
concentration can highly influence the removal of suspended solids from water using GE
and NE mucilage. In addition, mucilage concentration and type, as well as kaolin
concentration are all demonstrated to play significant roles in the removal rates that can
be achieved.

4.3.4 Effects of Water Type on Kaolin Removal

In previous sections the impact of water type and additional ions on kaolin
flocculation with mucilage was studied. Water type (hard, soft or deionized) influenced
the ability of the mucilage to increase kaolin settling rates in 50 g/L suspensions.
Additionally, supplementary ions in the water, particularly Ca2+, had a positive influence
on the flocculation activity of the mucilage. In this section, the impacts of water type on
kaolin removal with mucilage and 20 mM of Ca2+ will be evaluated.
Figure 4.15 shows the flocculation activities, as well as the removal percentages,
determined in suspensions of 0.5 g/L of kaolin in hard, soft, and deionized water.
Flocculation activities were determined with respect to controls with no mucilage or Ca2+
addition. As previously discussed, removal rates were determined by comparing the
initial kaolin concentration in the suspensions with the final kaolin concentration in the
supernatant after settling.
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From these results it is clear that the addition of 15 mg/L of NE or GE combined
with 20 mM of Ca2+ caused significant increases in kaolin removal relative to control
suspensions (HW: P < 0.0001, SW: P < 0.0001, DI: P < 0.0001). This demonstrates that
the addition of mucilage and Ca2+ remains effective to some degree regardless of the
water type.
Kaolin removal percentages in control suspensions (no mucilage or Ca2+ addition)
were determined to be significantly higher in hard water than in soft water and deionized
water suspensions (Figure 4.15 bottom) (P < 0.0001). This is potentially caused by ions
in the water which could be acting either to neutralize the kaolin particles or to reduce
electrostatic repulsions. This would allow some aggregation to occur without the addition
of a flocculation agent. The removal percentages found in controls was not significantly
different in soft water suspensions compared to deionized water (P = 0.69).
The impact of water type on kaolin removal could potentially be explained as
follows.
First, it is possible that the differences in removal determined in kaolin
suspensions of soft and hard water could be attributed to the cation differences in the
water. As there are naturally less cations found in soft water than hard water, there is less
opportunity for charge neutralization or cation bridging. This could influence both the
kaolin-kaolin interactions as well as the kaolin-mucilage interactions resulting in lower
removal rates. Additionally, if ion concentration in the soft water is not high enough,
their presence could have no impact on particle aggregation. This would also explain the
similarities between soft and deionized water controls.
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Figure 4.15. Flocculation activity (top) and removal percent (bottom) of 0.5 g/L of kaolin
suspended in hard, soft and deionized water. Treatments include 20 mM of Ca2+ alone
and with 15 mg/L of NE and GE.

A second possibility is that the pH of the deionized water is low enough that the
edge groups of the kaolin crystal begin to carry either a reduced negative charge or a
positive charge as previously discussed in section 2.4.1. If this is the case, face to edge
kaolin interactions could be present increasing the removal rates in deionized water
suspensions. It is possible that these interactions could cause natural particle removal
similar to the removal caused by the low ion concentration in the soft water, as seen in
control columns. This could also potentially explain the increase in removal determined
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between soft water and deionized water suspensions when Ca2+ is added alone and in
combination with mucilage. The presence of positively charged areas on the kaolin
surface could allow for higher interactions with the negatively charged groups on the
mucilage. This additional interaction, combined with possible cation bridging between
mucilage and kaolin particles, could explain the increase in removal in deionized water
suspensions compared to soft water suspensions.
The final possibility is that more aggregation occurs in suspensions of kaolin in
deionized water because there are no ions in the water, thus less repulsive forces acting
between particles. Without solution ions, no double layer would form. This would allow
the particles to approach each other more closely, resulting in higher aggregation and
removal. Without the double layer, it would be easier for the Ca2+ and mucilage to
interact with the kaolin particles causing increased in removal with these treatments
compared to waters that contain solution ions.
The results presented in Chapter 4 far pertain to kaolin removal with the purified
mucilage extracts obtained from Pads 2 and 3 discussed in section 3.3.1. These extracts
were used for comparison purposes as they were the only NE and GE obtained from the
same cactus pads. The knowledge gained in the above sections regarding the influence of
Ca2+ and mucilage concentration on kaolin removal will be utilized in the next section
and the ability of the remaining mucilage extracts from the other three pads used in the
methodologies presented in Chapter 3 will be examined. In addition to the purified
mucilage extracts, a comparison will be made using the ground cactus extract (GC) which
used a simplified extraction process that uses household materials.
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4.3.5 Kaolin Removal with Mucilage from Different Extractions

The results presented in this chapter thus far show that the NE and GE mucilage
fractions are effective flocculants for the removal of kaolin clay. The addition of 20 mM
of Ca2+ was also determined to play a significant role in the removal achieved. This
section will examine and compare the mucilage extracts used in the previous studies with
the remaining mucilage extracts discussed in Chapter 3. These extracts include three
other fractions of the NE mucilage that were obtained with slightly modified extraction
methods. These slight differences in process are outlined in Table 3.2 (Chapter 3) and are
reflected in Table 4.3. The kaolin removal results discussed in this work so far as well as
the results that will be presented in the future pertain to the NE and GE mucilage
extracted from Pads 2 and 3. This extract is shown highlighted in Table 4.3.

Table 4.3. Heating/maceration methods used in mucilage extractions according to pad
number.
PAD #
P1 NE
P 2 & 3 NE/GE
P4B1 NE
P4B2 NE

Heating/Maceration Method
Boiled with NaCl and Blended
Steamed and Blended with Water
Boiled and Macerated
Boiled and Blended

In addition to these extracts, the Ground Cactus (GC) flocculant, which was
obtained with simplified processing of the cactus pads will also be studied and compared.
The flocculation activity of these mucilage extracts were determined using 0.5 g/L
suspensions of kaolin clay in deionized water (Figure 4.16). Results were evaluated with
15 mg/L of mucilage with and without the addition of 20 mM of Ca2+. Samples were
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extracted from the suspensions after 15 minutes and optical density was determined. All
flocculation activity values were determined through normalization with control
suspensions containing no mucilage or Ca2+.

Flocculation Activity (1/OD)

5.5

No Ca2+

20mM Ca2+

4.5
3.5
2.5
1.5

0.5
-0.5

Control P2&3 NE P2&3 GE P4B1 NE P4B2 NE
Cactus Extract Type

P1 NE

Ground
Cactus

Figure 4.16. Flocculation activity with 0.5 g/L of kaolin in deionized water with various
mucilage extracts. Light columns represent flocculation activity with 15 mg/L of
mucilage only and dark columns show removal with 15 mg/L of mucilage and 20 mM of
Ca2+.

The results in Figure 4.16 show that all of the mucilage products extracted with
the protocols presented in Chapter 3 were active flocculants. Addition of all mucilage
types with Ca2+ resulted in flocculation activities significantly higher than Ca2+ controls
(P < 0.0001). Flocculation activity highest in the columns containing the GE and NE
mucilage extracts from Pads 2 and 3 combined with 20 mM Ca2+. These mucilage
extracts have been used for all of the results presented thus far. Studying the removal
achieved with the purified versions of the mucilage (P2 and 3 extracts, P4B1 NE, P4B2
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NE and P1 NE) combined with Ca2+, the flocculation activities of the mucilage differed
slightly (Figure 4.16). This is most likely due to differences in chemical structure and
purity of the final mucilage powder. Although in section 3.3.2 it was shown that that
these extracts have comparable sugar compositions, the content of uronic acids and
monomeric sugar groups is unknown. This difference is also seen in suspensions
containing only mucilage without Ca2+. The GE and NE mucilage from Pads 2 and 3
have flocculation activities close to zero. However, the other purified versions of the
mucilage have average flocculation activities slightly above zero. This also indicates a
structural or chemical difference between the mucilage types. The major difference
between these mucilage types exist in the heating method performed to extract the
mucilage. In the process of extracting mucilage from Pads 2 and 3, the pads were
steamed and water was added only prior to blending. All of the other purified versions of
the extract were boiled in deionized water. This small difference could have led to
flocculation activity differences (Figure 4.16), although at this point it is relatively
unclear exactly how.
This data also demonstrates that the unpurified version of the flocculant, GC, has
flocculation activities that are similar to the purified mucilage when 20 mM of Ca2+ is
added. These results indicate that a simplified version of the extraction method utilized to
obtain the mucilage can be used without substantially degrading the abilities of the
flocculant. Further studies using the GC extract used here have been performed by Lynn
et al. (2011, 2012). In jar test studies optimal cactus extract dosage was 50 mg/L and total
coliform and E. coli reductions of 83 % and 38 % were determined. Under the tested
conditions, turbidity and total hetero-trophs increased by 8 % and 22 %, respectively. The
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cactus extract did not perform as well as the conventional flocculants alum or ferric
chloride (Lynn, T.J., Wanjugi, P. et al. 2011; Lynn, T.J., Wanjugi, P. et al. 2012). The
results provided in Figure 4.16 show similar low removals when the GC extract was used
alone. However, with the addition of Ca2+, increased flocculation activity was achieved.
The results presented in this chapter thus far suggest that particle surface charge
and characteristics play a crucial role in the flocculation ability of the mucilage. The next
section will study the ability of mucilage and Ca2+ to remove kaolin that has undergone
surface modifications via acid-washing.

4.4 Acid-Washed Kaolin Removal Studies

This section will study the settling rate and flocculation activity of acid-washed
kaolin suspended in hard water. Results will study the impact of GE and NE mucilage
addition alone and in conjunction with Ca2+. Acid-washing kaolin particles causes
dissolution of the surface of the kaolin crystal which results in the removal of Al3+
cations, as previously discussed in section 2.4.1. Acid-washing is believed to increase the
surface area of the kaolin particle by creating increased pore sizes. The treatment has also
been suggested to increase the number of acidic groups, thus possibly increasing the
overall negative charge normally found on the kaolin surface. The results in this section
will explore the impact of these surface modifications on the ability of the GE and NE
mucilage to actively aggregate and remove suspended particles. The outcomes of the
acid-washed kaolin aggregation in response to the two mucilage types will be discussed
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in terms of the surface charge on the acid-washed kaolin particles and the known
chemical compositions of the mucilages.

4.4.1 Settling Results

Settling rates were determined in 50 g/L acid-washed kaolin suspensions in hard
water following the same procedure used in 50 g/L kaolin tests. Settling rates were
evaluated with (open symbols) and without (closed symbols) 20 mM of Ca2+ addition for
mucilage concentrations ranging from 0 to 100 mg/L (Figure 4.17).
These results show increasing settling rates with rising mucilage inclusion.
However, the trends differed from those previously seen in suspensions of untreated
kaolin. For most treatment methods no optimal concentration is seen and settling rates
continue to increase with the addition of 75 to 100 mg/L of mucilage. Furthermore,
decreases in the highest settling rates achieved were seen in all suspensions compared to
untreated kaolin suspensions. In control columns (0 mg/L of mucilage, 0 mM of Ca2+),
settling rates decreased from 0.5 cm/min to 0.38 cm/min (a 24% decrease). Settling rates
in suspensions containing 100 mg/L of NE or GE decreased from 13.2 cm/min to 4.75
cm/min (a 64% decrease) and from 11 cm/min to 1.6 cm/min (an 85% decrease),
respectively.
These results demonstrate higher settling rates in suspensions treated with NE
although both NE and GE were observed to increase settling rates relative to the control.
These results are similar to those determined with untreated kaolin. The highest settling
rate (4.75 cm/min) was achieved in NE treated columns with 100 mg/L of mucilage,
110

which was 12.5 times faster than controls with no treatment. With 100 mg/L of GE,
settling rates were increased by a factor of 4 to a settling rate of 1.6 cm/min.

Figure 4.17. Settling rates of 50 g/L acid-washed kaolin suspended in HW. Demonstrates
NE and GE treatments as well as NE and GE treatments with the addition of 20 mM
Ca2+. Open symbols represent mucilage treatment in conjunction with Ca2+ while closed
symbols represent settling rates with mucilage treatment alone.

The decreases in settling rates compared to untreated kaolin could potentially be
attributed to the surface modifications that occurred on the kaolin particle surface during
the acid-washing process. As previously discussed, the mucilage contains a linear
backbone consisting of repeating units of uronic acids and rhamnose. The presence of
uronic acids gives the mucilage an overall negative charge. Acid-washing kaolin has been
previously reported to increase the amount of acid groups on the surfaces of the kaolin
crystal therefore possibly increasing its overall negativity. The increase in negative
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surface charge on the kaolin could be resulting in electrostatic repulsions playing a more
dominant role than previously observed with untreated kaolin. Mucilage was capable of
increasing the settling rate, which suggests that there are interactions between the
mucilage and acid-washed kaolin that are possibly not entirely charge related. The
differences between the NE and GE settling rates could possibly be explained as follows.
First, the NE was determined to have a denser structure than GE through TEM imaging
and AFM scans. This structure could potentially be more capable of entrapping acidwashed kaolin particles, creating larger flocs and causing faster settling. Another
possibility is that the higher amount of uronic acids that are found in the GE could be
causing increased electrostatic repulsion between the GE mucilage chains and the acidwashed kaolin.
The light microscope images shown in Figure 4.18 provide a 100x magnified
view of the acid-washed kaolin flocs. These images were taken of samples extracted from
suspensions of 50 g/L of acid-washed kaolin in hard water with 5 and 50 mg/L of NE and
GE mucilage. As suggested by the settling rates previously discussed, the flocs are not as
large and do not appear as stable as flocs formed in untreated kaolin columns. The control
with no treatment has little to no flocculation, which is similar to the results of untreated
kaolin, and is most likely caused by charge repulsions between the negatively charged
particles (left image). As mucilage concentration increases from 5 mg/L to 50 mg/L, the
flocs become larger and denser in both NE and GE treated samples (top and bottom, left
to right).
The settling rates of acid-washed kaolin when mucilage was combined with 20
mM of Ca2+ are reported in Figure 4.17 (open symbols). Unlike untreated kaolin, where
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Ca2+ caused a decrease in settling rate, acid-washed kaolin suspensions containing Ca2+
settled at rates comparable to those without Ca2+.

Figure 4.18. Light microscope images of acid-washed kaolin treated with 0, 5, and 50
mg/L of NE and GE mucilage. The far left image was collected from samples acquired
from control columns and no particle aggregation is observed. The two images in the
center column demonstrate small flocs formed with 5 mg/L of GE and NE mucilage and
the right two images show larger flocs formed with 50 mg/L of GE and NE.

4.4.2 Effects of Mucilage Concentration on Flocculation Activity

In the previous section it was shown that settling rates in acid-washed kaolin
suspensions was significantly lower than those in the previously studied untreated kaolin.
This is potentially attributed to the increase in negative surface charge on the kaolin
caused by the acid-washing process. In this section, the effects of acid-washing on kaolin
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removal are evaluated by studying flocculation activities. All flocculation activities were
normalized using controls with no mucilage or Ca2+.
Figure 4.19 studies the effects of mucilage concentration (mg/L) on the
flocculation activity of 50 g/L of acid-washed kaolin suspended in hard water. These
plots demonstrate trends that are similar to those in suspensions of untreated kaolin. The
flocculation activity is increased gradually with mucilage concentration until an optimal
concentration was reached. In this case optimal mucilage addition occurs with 25 mg/L of
GE and 15 mg/L of NE, after which the flocculation activity begins to decrease. The
optimal flocculation activities reached with GE and NE were 2.9 (25 mg/L of GE) and
1.9 (15 mg/L of NE). Suspensions with 10 to 25 mg/L of NE mucilage all had
flocculation activities above zero, indicating higher removal than control columns. In
columns with GE higher removal than controls were obtained for concentrations ranging
from 10 mg/L to 50 mg/L.

Figure 4.19. Flocculation activity of 50 g/L of acid-washed kaolin treated with NE and
GE alone and with 20 mM of Ca2+. Shows flocculation activity as a function of mucilage
concentration without (left) and with (right) the addition of Ca2+.
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The right plot provided in Figure 4.18 shows the effects of 20 mM of Ca2+ on
flocculation activity. The addition of Ca2+ caused a significant increase in the removal of
suspended acid-washed kaolin particles. In previously discussed results, untreated kaolin
had a steady flocculation activity of approximately 5 with the addition of 20 mM of Ca2+
and mucilage concentrations from 5 to 25. With mucilage concentrations ranging from 50
mg/L to 100 mg/L the flocculation activity decreased. In Figure 4.19, it is seen that the
addition of Ca2+ has a more significant role on the flocculation activity achieved with
mucilage addition when acid-washed kaolin is used in place of untreated kaolin.
Incremental increases in flocculation activity occurred between 10 mg/L to 50
mg/L of GE with an optimal flocculation activity of 13.9. As GE concentration continues
to increase, the flocculation activity decreases and at 100 mg/L the mucilage is no longer
as effective as natural settling. Similar trends are seen in suspensions containing NE. The
highest flocculation activity obtained (20.9) was found to occur at a concentration of 10
mg/L of NE and 20 mM of Ca2+. As NE concentration increases from 20 to 100 mg/L,
the flocculation activity decreases. Between 75 and 100 mg/L of NE flocculation
activities below zero were determined. This indicates higher concentration of suspended
acid-washed kaolin in experimental columns compared to the control after settling.
It is expected that the remarkable increase in flocculation activity with the
addition of Ca2+ and mucilage is most likely due to the increased charges present on the
kaolin surface after acid-washing. If this is the case, the Ca2+ could be acting to neutralize
the charged groups both on the mucilage as well as the kaolin allowing them to bind
together. Alternatively, the Ca2+ could be acting as a cation bridge between the mucilage
and kaolin.
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In the previously discussed results pertaining to the settling rate of acid-washed
kaolin, settling rates decreased compared to untreated kaolin. Despite lower settling rates,
flocculation activity increased indicating higher particle removal in experimental
columns compared to controls (Figure 4.19). This could potentially be due to the
formation of smaller flocs. Although more kaolin particles could be bound with the
mucilage and Ca2+ it is possible that the flocs are not large enough to result in settling
rates as high as those previously seen.
It is noted that the mucilage is still capable of aggregating particles without
additional cations as demonstrated by the flocculation activities in Figure 4.19 (left plot).
These results suggest that bridging plays a role in the aggregation of particles regardless
of their surface charge. This could be due to the physiological characteristics of the GE
and NE mucilage, which could be trapping particles. These results also suggest that using
a secondary treatment to neutralize the negative charges found on both suspended
particles and mucilage and can significantly enhance the removal ability of the flocculant.

4.5 Summary and Conclusions

In this chapter GE and NE mucilage fractions were demonstrated to have great
potential as flocculation agents for sediments suspended in hard, soft, and deionized
water. The impact of mucilage type and concentration, cation type and concentration,
kaolin concentration and surface modifications, and water type, were all studied and were
determined to play significant roles in the flocculation efficiency of the GE and NE. The
impacts of these conditions are summarized below.
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The work presented in this chapter demonstrated the differences in flocculant
capability between the GE and NE mucilage types. In suspensions of kaolin in hard water
it was demonstrated that NE mucilage was a more effective flocculant. In suspensions of
high kaolin concentrations modeling mud-like conditions, settling rates were 15% higher
when NE mucilage was added compared to GE. Studies of kaolin removal demonstrated
similar results with flocculation activities up to 22% higher for NE compared to GE
(determined in 0.05 g/L kaolin suspensions in hard water with 20 mM of Ca2+). The
differences in flocculation ability between the mucilage types are most likely due to the
chemical and physical differences discussed in Chapter 3.
In results studying the effects of mucilage concentration on flocculation activity,
it was shown that there are optimal mucilage concentrations. Slow increases in
flocculation activity occurred with increasing mucilage addition until the optimal
concentrations were reached. In flocculation activity studies, this concentration was
determined to be between 15 and 50 mg/L of mucilage depending on suspension
conditions. As mucilage concentrations increased above the optimal concentration,
significant decreases in removal occurred. These results are similar to the work studying
other polysaccharide based flocculants. It is also shown here that particle removal with
mucilage requires low dosages. This indicates that small amounts of mucilage have the
capability of cleaning large amounts of water.
In addition to the GE and NE mucilage fractions, it was also shown that the
ground cactus flocculant obtained in Chapter 3 resulted in increased flocculation
activities. This demonstrates that a simplified version of the extraction method could be
used without substantially reducing the quality of the flocculant.
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In most kaolin removal studies the addition of cations combined with the
mucilage was necessary to achieve high particle removal. These results are similar to
those reported using flocculants of similar chemical structure. In studies focusing on the
impact of cation addition and concentration, it was shown that 20 mM of Ca2+ impacted
mucilage performance more significantly than Na+, K+, Mg2+, Al3+, Fe3+ when utilized at
appropriate concentrations. The need for additional cations can most likely be contributed
to the negatively charged groups on the mucilage and the net negative surface charge that
is found on the kaolin particles in neutral and basic solutions. As both are known to have
similar charges, electrostatic repulsions could exist between the mucilage and the kaolin
decreasing the amount of kaolin particles that can be removed with mucilage interaction
alone. In this case, Ca2+ could be working to reduce the charge and neutralize the surface
of the kaolin and/or the negatively charged structures on the mucilage. Alternatively, the
Ca2+ could be acting as a cation bridge between the mucilage and kaolin particles.
In most experiments, even if increased particle removal was not achieved with the
addition of GE and NE alone, flocculation of the particles was still observed to occur
both visually in the column and in microscope images. This suggests that either kaolin
particles are able to interact with other groups on the mucilage and the negatively charged
groups only interfere to some degree, or the mucilage structure allows entrapment of
kaolin particles through a bridging mechanism.
In suspensions of kaolin concentrations varying between 0.05 g/L and 50 g/L,
mucilage was shown to remain an effective flocculant for a wide range of suspended
particle concentrations. Although slight decreases in kaolin removal percentages occurred
with decreasing kaolin concentrations, removal percentages with the addition of mucilage
118

and Ca2+ remained above 50%. These results demonstrated that mucilage can be a viable
flocculation method for a wide range of applications.
Using acid-washed kaolin in place of untreated kaolin, the impacts of surface
modifications was studied. In mud-like suspensions lower settling rates occurred
compared to suspensions of untreated kaolin. Additionally, it was shown that Ca2+
addition had a more substantial impact on acid-washed kaolin removal. These results are
most likely the result of increased negative charges on the kaolin particle surface arising
from acid-washing.
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CHAPTER 5: AGGREGATION OF BACTERIA WITH MUCILAGE3

5.1 Introduction

The overall aim of this chapter is to determine the conditions under which GE and
NE mucilage fractions cause bacteria aggregation and removal. Little previous work has
described the use of mucilage from the Opuntia ficus-indica as a flocculation agent for
suspended cells. Without previous insights on the ability of the mucilage to interact with
bacteria, high concentration (108 cells/mL) suspensions were studied prior to lower
concentrations. This was done to quickly assess the application of mucilage as a
flocculant for suspended bacteria.
The surface structure and charge of the exposed portion of bacteria cell walls
were discussed in section 2.4.2 and such characteristics could be used to explain results in
this work. Both Gram-positive and Gram-negative bacteria have been identified to carry a
negative charge on their exposed surfaces. Additionally, the outer cell wall of Gramnegative bacteria is shown to be more complex than Gram-positive cell walls. Due to the
negative net surface charge found on the outer surfaces of the bacteria and the negatively
charged groups that exist in the mucilage, the addition of Ca2+ is studied with the

3

Portions of these results have been reprinted with permission from Buttice, A. L., J. M. Stroot, et al.
(2010). "Removal of Sediment and Bacteria from Water Using Green Chemistry." Environmental Science
and Technology 44(9): 3514-3519. Copyright (2010) American Chemical Society.
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anticipation of results similar to those in the removal of kaolin and acid-washed kaolin, as
discussed in the previous chapter.

5.2 Materials and Methodology

High bacteria concentration studies evaluated Ca2+ addition as well as GE and NE
mucilage concentrations and their effects on the flocculation times of Bacillus cereus
(Gram-positive), Escherichia coli HB101 K-12 (Gram-negative), and a fully attenuated
Sterne strain of Bacillus anthracis (Gram-positive). Once it was established that mucilage
could flocculate suspended bacteria, the knowledge gained from high concentration test
was applied to lower concentration studies. Lower concentration tests (103 cells/mL)
evaluated the removal percentages of E. coli treated with a range of GE and NE
concentrations alone and in conjunction with 20 mM of Ca2+. Additional studies include
the effect of E. coli concentration (102 – 108 cells/mL) on removal, and the impact of
water type. E. coli was chosen as the focus for these studies due to its applicability in the
field of water treatment (WHO 2011).
The E. coli used in this study was transformed into E. coli GFP using a pGLO
transformation kit purchased from Biorad (Hercules, CA; catalog number 1660003EDU). Competent cells were induced by heat shock following the manufacturer’s
instructions, resulting in uptake of the pGLO plasmid. Resulting cells exhibited green
florescence when exposed to UV light (λ = 300-400 nm). In all subsequent cultures, 5
mg/L of arabinose was added to the media to promote the production of the pGLO
plasmid in cells. Additionally 100 µg/L of ampicillin was added to prevent growth of
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cells that did not contain the plasmid. E. coli was imaged using a GFP tube filter to obtain
fluorescent images.
All bacteria were stored in bead stock cultures with glycerol and LB media in a
-80C freezer. When ready for use, LB plate cultures were started using a single bead and
aseptic techniques. The plates were grown over night in an incubator at 35 C before
being sealed and stored in the refrigerator for future use. Twenty four hours prior to
experimentation, a single colony was selected from the plate using a sterile loop and
inoculated into 5 mL of LB media with the appropriate antibiotics and/or sugars used to
retain GFP plasmids (kanamycin for B. anthracis cultures and Arabinose and Ampicillin
for E. coli cultures). The bacteria cultures were shaken at 200 rpm and 35 C for
approximately 8 to 9 hours. After which a 75 mL LB media culture (containing the
appropriate antibiotics and/or sugars) was started with 75 µL of inoculum. This culture
was incubated over night at 35 C and 200 rpm and utilized in experiments approximately
16 hours later. The optical density was measured prior to use and compared to previous
cultures to ensure similar growth. Optical densities were approximately 1.2, 1.6, and 1.5
for cultures of E. coli, B. cereus, and B. anthracis, respectively. Cells were washed once
in phosphate buffer solution (PBS, pH = 7.4) by centrifugation at 4,000 RPM for 5
minutes. The cells were then resuspended in 15 mL of PBS. This protocol resulted in
stock cell concentrations of approximately 109 cells/mL. In experiments where lower
stock concentrations were desired, this stock was diluted with 1:10 dilutions into PBS
until the desired concentration was achieved. Initial stock cell concentrations were
determined using standard plate counting techniques.
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Column tests similar to those used in kaolin removal evaluations were utilized in
bacteria removal experiments for comparison purposes (see section 4.2). Briefly,
Fisherbrand serological pipettes were broken at the -1 mL mark and the bottoms were
sealed in parafilm wax after which the columns were attached together and suspended
from a ring stand. Experimental suspensions were mixed in 15 mL centrifuge tubes with
final experimental volumes of 10 mL. Column contents included 7 mL of the water being
tested (hard, soft, or deionized) which contained the desired amount of Ca2+, 2 mL of
water containing the desired amount of mucilage, and 1 mL of the desired bacteria stock
solution. As bacteria cells were always suspended in PBS, 1 mL of PBS was added to all
kaolin suspensions discussed in the previous chapter to maintain background solutions
for comparison purposes. The suspensions were then vortexed until well mixed and
poured into the column array. In high concentration experiments (108 cells/mL), the
columns were observed over a period of approximately 1 hour. The time that the flocs
began forming as well as the settling completion time was recorded. The floc starting
time and settling completion times were then plotted to assess the impact of mucilage and
Ca2+ addition. If floc imaging was desired, a small valve was added to the bottom of the
pipette prior to column inoculation and sealed in place with parafilm wax. Once
experimentation was complete, the flocs were extracted from the bottom of the column
with the valve and 10 µL of the sample was imaged using a glass slide, coverslip, and
light microscope with magnifications of 200 or 400x.
Once optimal conditions for bacteria removal were identified in high cell
concentration experiments, lower concentrations (103 cells/mL) of E. coli were tested and
the cell removal was evaluated. After column inoculation, the suspensions were left to
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settle for 1 hour after which a 1 mL sample was extracted from the top of the column for
use in removal evaluations. The samples from the columns were vortexed for 5 seconds
prior to being serially diluted in order to redisperse any small flocs that did not settle. The
samples were then diluted with 1:10 dilutions into PBS before being plated using
standard microbiological procedures. The plates were counted after approximately 18
hours. Plate counts from the suspension samples were compared to plate counts from the
cell stock solutions providing the removal percentage. It is of value to note here that the
removal percentages provided in this chapter account only for viable and culturable cells.
If any viable but nonculturable cells (VBNCs) exist in solution they were not taken into
account in this study.
All experiments were conducted in at least three replicates and statistical data was
determined using Origin Pro 8 (Northampton, MA). One way analysis of variance
( NOV ) and Tukey test of means comparisons (α = 0.05), performed using OriginPro
8, were used to compare removals.

5.3 Preliminary Settling Results

In suspensions containing 108 cells/mL of Bacillus cereus no flocculation
occurred with the addition of GE and NE mucilages alone. In Chapter 4 the addition of
cations, particularly Ca2+, had a positive impact on the aggregation of suspended
sediments with mucilage. Additionally, previous work has demonstrated the importance
of Ca2+ in activated sludge aggregates, as well as its positive impacts on cell to cell
adhesion (Sanin, D. and Vesilind, P.A. 2000; Larsen, Nadja, Nissen, Peter et al. 2007).
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Rheological studies of mucilage have also shown that the addition of Ca2+ can alter the
mucilage behavior (Medina-Torres, L, Fuente, E. Brito-De La et al. 2000; Majdoub, H.,
Roudesli, S. et al. 2001; Goycoolea, Francisco M. and Cardenas, Adriana 2003).
Considering this previous knowledge, mucilage was tested in combination with Ca2+ to
evaluate possible impacts on bacteria flocculation.
With the addition of 20 mM of Ca2+ (identified as an effective concentration in
chapter 4), visible flocs were observed in bacteria suspensions as shown in Figure 5.1.

Figure 5.1. Image B. cereus flocs settled to the bottom of test columns. Suspensions
contain 108 cells/mL in hard water with the following mucilage and Ca2+ additions: (1):
control with no mucilage or Ca2+, (2-7): 20 mM of Ca2+ with (2) 0 mg/L, (3) 25 mg/L, (4)
50 mg/L, (5) 2 mg/L, (6) 3 mg/L, and (7) 4 mg/L of GE mucilage.

This image is of columns containing 108 cells/mL of B. cereus suspended in hard
water. In controls, which did not contain Ca2+ or mucilage, no bacteria aggregation was
seen (Figure 5.1, 1). With the addition of 20 mM of Ca2+, small flocs of B. cereus
collected in the bottom of the column. This indicates that cell to cell adhesion is
occurring in the presence of additional Ca2+ (Figure 5.1, 2). Columns containing 20 mM
of Ca2+ combined with 2 to 4 mg/L of GE mucilage display large bacteria flocs that have
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settled to the bottom of the columns (Figure 5.1, 5-7). In suspensions containing 20 mM
of Ca2+ with 25 mg/L and 50 mg/L of GE (columns 3 and 4), little to no flocculation was
seen in suspensions, indicating that overdosing of mucilage can occur in bacteria
suspensions. Additionally, these results demonstrate that at certain mucilage
concentrations it is possible for the mucilage to prevent the aggregation that occurs in the
presence of Ca2+. The information extracted from this image shows that low
concentrations of mucilage are more effective than high concentrations.
The floc formation and settling time of B. cereus suspended in hard water with
final concentrations of 108 cells/mL are shown in Figure 5.2.

Figure 5.2. Settling times of Bacillus cereus with additional Ca2+ treatment of 10 to 35
mM. Shows settling times using A) 2 mg/L of NE, B) 3 mg/L of NE, C) 4 mg/L of NE
and D) 5 mg/L of NE.
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This figure shows the relationship between NE concentrations of 2 mg/L (A), 3
mg/L (B), 4 mg/L (C), and 5 mg/L (D) and Ca2+ concentrations ranging from 10 to 35
mM. As previously shown in Figure 5.1 the addition of Ca2+ resulted in floc formation.
The flocculation start and settling end times with Ca2+ addition alone are illustrated in
Figure 5.2 by red dashed boxes. The bottom of the dashed box indicates the flocculation
start time in Ca2+ controls. The top of the box indicates the settling completion time.
Stacked columns are used in Figure 5.2 to show the flocculation times occurring in
suspensions containing NE in addition to Ca2+. The bottom column indicates the
flocculation start time, while the top indicates flocculation end time. The height of the top
column provides the duration of the floc settling. In some cases, there was no flocculation
in the column during the course of the experiment. These conditions are identified with a
“No Flocculation” label.
As Ca2+ concentration increased from 10 mM to 30 mM (left to right), faster
flocculation and settling times were observed in Ca2+ control suspensions. Between Ca2+
concentrations of 30 and 35 mM, there is very little change in the time flocs take to form
and descend the column. These results suggest that an optimal concentration of Ca2+ has
been reached between 20 and 30 mM.
In Figure 5.2, A it is shown that with the addition of 2 mg/L of NE, faster
flocculation start and end times were observed compared to the same Ca2+ concentrations
without mucilage. From this plot is also seen that the optimal concentration of Ca2+ still
occurred between 20 and 30 mM with the addition of 2 mg/L of NE.
As NE concentration increased from 2 to 5 mg/L more Ca2+ was required to
effectively aid the mucilage (Figure 5.2, plot A through D). For example, it is seen that
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with the addition of 10 mM of Ca2+, 2 mg/L of NE effectively enhanced bacteria
flocculation and removal times (Figure 5.2, A). With the addition of 3 mg/L of NE,
flocculation no longer began or was completed before 10 mM Ca2+ controls (Figure 5.2,
B). When NE dosage was increased to 4 and 5 mg/L, no flocculation occurred during the
course of the experiment as indicated by the “No Flocculation” labels (Figure 5.2, C and
D). These results suggest that there is a possibility of overdosing the mucilage, at which
concentrations no longer enhance flocculation. In this case, not only did the mucilage not
aggregate the B. cereus cells, but it also prevented the Ca2+ from forming the flocs in
controls without mucilage addition. Although not the primary focus of this study, this
behavior of mucilage could lend itself as a possible anticoagulant or dispersant if the
optimal concentrations are utilized.
The effects of NE and GE mucilage concentration are further evaluated in Figure
5.3. Mucilage concentrations ranging from 0.5 to 50 mg/L combined with 20 mM of Ca2+
were studied. The bottom column represents the flocculation start time and the top
provides the time that was required for the flocs to settle completely. The 0 mg/L of
mucilage data provides the average flocculation start and end times determined in
suspensions containing only 20 mM of Ca2+. Mucilage concentrations that did not result
in flocculation are indicated with a “No Flocculation” label. The plot on the top (Figure
5.3, A) provides settling times obtained with NE, while the plot on the bottom shows the
effects of GE addition (Figure 5.3, B)
With GE treatments ranging from 0 to 5 mg/L combined with 20 mM of Ca2+,
average flocculation start and settling end times are seen to occur faster than control
systems with Ca2+ only (Figure 5.3, B). All flocculation began within 7 minutes of
128

column inoculation and the flocs had completely settled by 25 minutes. With a
concentration of 10 mg/L of GE, flocs took three times longer to form and did not
completely settle before the end of the experiment. B. cereus suspensions containing 20
mM of Ca2+ and 25 to 50 mg/L of GE did not form flocs in the time frame of the
experiment (60 minutes).

Figure 5.3. Flocculation start and settling completion time of Bacillus cereus treated with
0 to 50 mg/L of NE (A) and GE (B) mucilage. All suspensions contain 108 cells/mL in
hard water and 20 mM of Ca2+.

Similar results were recorded for experiments using B. cereus suspensions
containing 20 mM of Ca2+ and 0 to 50 mg/L of NE (Figure 5.3, A). With NE
concentrations of 0.5 to 4 mg/L, flocs were formed and settle faster than Ca2+ controls.
With 5 mg/L of NE the flocs form quickly but then took longer than Ca2+ controls to
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settle. With the addition of 10 to 50 mg/L of NE in combination with 20 mM of Ca2+ no
flocculation was apparent in the suspensions. These results suggest that low mucilage
concentrations are more effective than higher mucilage concentrations. In the settling
studies of B. cereus with 108 cells/mL in hard water, optimal removal occurred with 0.5
to 4 or 5 mg/L of NE or GE. As previously seen, the possibility of overdosing mucilage
was again seen.
Results shown in Figure 5.4 demonstrate similar findings for B. cereus suspended
in soft water treated with GE and 20 mM of Ca2+.

Figure 5.4. Flocculation start and completion time for Bacillus cereus suspended in soft
water. Suspensions contain 108 cells/mL, 50 mM of Ca2+ and 0.05 – 50 mgL of GE. The 0
mg/L data represent the start and end time of suspensions containing only Ca2+. The
mucilage concentrations with which no flocculation was observed is indicated by “No
Flocculation” labels.

Figure 5.4 shows the flocculation start and settling end times for B. cereus
suspended in soft water with final concentrations of 108 cells/mL. In soft water
suspensions it was determined during experimentation that additional Ca2+ was required
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to cause flocculation times similar to those in hard water. This was most likely due to the
lower cation concentration in the soft water. Therefore suspensions in soft water were
treated with 50 mM as opposed to 20 mM of Ca2+.
Figure 5.4 shows the impact of 0 to 50 mg/L of GE on the flocculation start and
end times of B. cereus suspended in soft water with 50 mM of Ca2+. These results show
that flocculation start and settling end times occurred faster with 0 to 5 mg/L of GE,
which is comparable to results in hard water suspensions. With 10 mg/L of GE
flocculation started faster than controls, but took longer to settle. In experiments treated
with 25 and 50 mg/L of GE no flocs formed in the column during the time frame of the
experiment (60 minutes). These results again demonstrate the impact of lower
concentrations of mucilage and suggest possible overdosing at high mucilage
concentrations.
Samples extracted from the bottom of the hard and soft water columns were
imaged using a light microscope. Figure 5.5 shows samples from controls with no
mucilage.
In control suspensions containing no Ca2+ or mucilage, no bacteria aggregation
occurred and B. cereus cells were freely floating in solution (Figure 5.5, top). With the
addition of 20 mM (hard water) and 50 mM of Ca2+ (soft water), small flocs have formed
in suspensions which were visually observed during settling tests. Even with the addition
of Ca2+, many cells remain freely floating in solution.
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Figure 5.5. Light microscope images of Bacillus cereus from controls with no treatment
and Ca2+ only. The top image is a sample extracted from control suspensions with no
mucilage or Ca2+. The bottom images show small flocs formed in hard water suspensions
with 20 mM of Ca2+ (left) and small flocs formed in soft water with 50 mM of Ca2+
(right).
Light microscope images of samples from B. cereus suspensions containing Ca2+
with 2 mg/L of GE and NE mucilage show that much larger flocs have formed with the
addition of mucilage (Figure 5.6). The large flocs are most likely the cause of the
decreased settling times seen in suspensions.
From the B. cereus results presented thus far, it is apparent that the addition of
Ca2+ alone is capable of aggregating suspended bacteria. This could potentially be due to
either charge neutralization of groups on the bacteria cell wall, or the formation of cation
bridges between the cells. With the addition of mucilage and Ca2+ at appropriate
concentrations, larger flocs were formed. Similarly to the flocs formed with Ca2+, this
could be caused by neutralization of the charged groups found on the bacteria cell wall
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and/or the uronic acids located in the mucilage backbone. Additionally, the formation of
cation bridges between the mucilage and suspended cells could result in the large flocs
formed as mucilage offers a large surface area for binding.

Figure 5.6. Light microscope images of Bacillus cereus from suspensions treated with 2
mg/L of GE and NE with Ca2+ in hard and soft water.

Results similar to those for B. cereus suspensions were determined in suspensions
of Escherichia coli (E. coli) when treated under similar conditions. Figure 5.7 provides an
image of the flocs formed in E. coli suspensions of 108 cells/mL in hard water. All
columns shown contained 20 mM of Ca2+ and mucilage concentrations ranging from 0 to
50 mg/L.
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Figure 5.7. Image of flocs formed in E. coli columns. All suspensions contain 108
cells/mL in hard water and 20 mM of Ca2+. GE mucilage concentrations include (1) 0
mg/L, (2) 10 mg/L, (3) 25 mg/L, (4) 50 mg/L, and (5) 2 mg/L. E. coli flocs are observed
in columns 2 and 5.

In this image, flocs have formed in columns 2 and 5 which contain 2 and 10 mg/L
of GE mucilage and 20 mM of Ca2+. The remaining columns 1, 3, and 4, do not have any
signs of E. coli flocculation yet. Similarly to previous results in suspensions of B. cereus,
no flocs formed with mucilage concentrations greater than 25 mg/L.
The flocculation start and settling end times were also recorded for E. coli
suspensions (Figure 5.8). These results were very similar to the settling times of B.
cereus, with a few exceptions. First, the E. coli control containing only 20mM of Ca2+,
took twice as long to begin flocculation than in B. cereus studies. This difference could
result from the structural differences on the exposed surface of the bacteria discussed in
section 2.4.2.
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Figure 5.8. Flocculation start and settling end times of E. coli treated with 0.5 to 50 mg/L
of GE.

The average flocculation start time with the addition 0.5 to 5 mg/L of GE
combined with 20 mM of Ca2+ occurred at similar times to those seen in B. cereus tests.
However, in E. coli suspensions, 10 mg/L of GE remains an effective flocculant dosage.
Previously in B. cereus suspensions, this concentration was seen to cause floc formation
significantly later than controls with Ca2+ only. With 25 mg/L of GE addition,
flocculation started later than the control and the flocs formed did not completely settle in
60 minutes. With a concentration of 50 mg/L of GE, no flocculation was seen in
suspensions. This behavior again demonstrates the potential of overdosing with mucilage.
Light microscope images (400x) of samples extracted from columns of E. coli are
shown in Figure 5.9. Images are from suspensions containing no mucilage or Ca2+ (A),
20 mM of Ca2+ only (B), and 2 mg/L of GE combined with 20 mM of Ca2+ (C). These
images show results similar to samples extracted from B. cereus tests. In the control with
no treatment, cells were freely floating in solution and no aggregates were formed (Figure
5.9, A). In suspensions containing the addition of 20 mM Ca2+, aggregates were formed
although these are relatively small when compared to the large flocs in columns
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containing 20 mM of Ca2+ combined with 2 mg/L of GE (Figure 5.9, B and C). These
large flocs are responsible for the faster settling times seen in column settling tests.

Figure 5.9. Light microscope images of flocs formed in Escherichia coli suspensions.
Images, are from suspensions with no treatment (A), the addition of 20 mM Ca2+ (B), 20
mM of Ca2+ combined with 2 mg/L of GE mucilage (C). Images are from suspensions of
108 cells/mL in hard water.

Suspensions of Bacillus anthracis (B. anthracis) were also studied and
flocculation start and settling end times were recorded for comparison to B. cereus and E.
coli (Figure 5.10). The bottom column represents the flocculation start time while the top
column provides the time at which settling ended. The height of the top columns show
the duration time of the settling. Controls containing 20 mM of Ca2+ and no mucilage are
shown with the 0 mg/L of mucilage value. All results plotted in Figure 5.10, A and B are
from suspensions of 108 cells/mL of B. anthracis in hard water containing 20 mM of
Ca2+.
Flocculation of B. anthracis required more time than the previous two bacteria
strains studied. Control columns containing only 20 mM of Ca2+ began forming flocs at
an average of 28 minutes after column inoculation, compared to 7 or 14 minutes in B.
cereus and E. coli columns, respectively. Suspensions treated with Ca2+ and NE also took
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slightly longer to form flocs than previously seen in other bacteria suspensions (Figure
5.10, A). Unlike the results reported for other cell types, when tested with NE no critical
concentration was seen to hinder cell aggregation. In this case, NE concentrations up to
200 mg/L caused bacteria aggregation and on average both floc formation and settling
times were faster than controls containing no mucilage.

Figure 5.10. Flocculation start and settling completion times of Bacillus anthracis. All
results are from suspensions containing 108 cells/mL of B. anthracis in hard water
containing 20 mM of Ca2+ with 0.5 of 200 mg/L of NE (A) or 0 to 100 mg/L of GE (B).
Bottom column indicates flocculation start time, top column the flocculation end time.
Controls with 20 mM of Ca2+ only and no mucilage are shown with 0 mg/L of mucilage.
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Similar results were observed in suspensions of B. anthracis with GE mucilage
combined with 20 mM of Ca2+ (Figure 5.10, B). Concentrations ranging from 0.5 mg/L to
100 mg/L of GE caused floc formation and settling times significantly faster than Ca2+
addition alone.
The preliminary results discussed in this section have shown several important
characteristics of bacteria aggregation with mucilage from the Opuntia ficus-indica
cactus.
First, with the addition of mucilage alone, no visible floc formation occurred in
the columns. With the addition of Ca2+ small flocs were seen in columns which were
confirmed with light microscope images. When mucilage was combined with Ca2+,
decreased settling times and large flocs were seen in suspensions as well as light
microscope images. These results suggest dependency on cation addition for bacteria
aggregation with GE and NE mucilage.
Secondly, the possibility of overdosing in bacteria columns was observed. In
experiments using B. cereus and E. coli it was determined that low concentrations of
mucilage were more effective in causing flocculation. With the addition of 20 mM of
Ca2+, optimal concentrations were determined to fall under 10 mg/L. It was demonstrated
that with some cell types, such as B. anthracis, these limitations may not exist and
mucilage as high as 200 mg/L can result in bacteria flocculation. The requirement of low
doses has been previously reported in studies focusing on polysaccharide based
bioflocculants.
Lastly, these results demonstrate that the cell type in the suspension can play an
integral role in the ability of the mucilage to cause aggregation. B. anthracis suspensions
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were determined to take 2 times longer than E. coli suspensions to form flocs and 4 times
longer than B. cereus suspensions. These differences could potentially be the result of
either the differences in exposed structures on the surface of the cells or the cell
characteristics such as size.
The knowledge gained from the settling results in these high concentration
experiments will be applied in the next section where removal rates of varying cell
concentrations of E. coli with mucilage are studied.

5.4 Escherichia coli Removal Studies

The previous section outlined the general behavior of bacteria aggregation with
GE and NE mucilage. However, all experiments performed utilized high cell
concentrations (108 cells/mL) which, in many applications, is unrealistic. This section
will focus on the removal percentages that can be achieved with mucilage in E. coli
suspensions ranging from 102 to 103 cells/mL. How E. coli and mucilage concentrations
alter removal rates was evaluated. All results presented in this chapter study mucilage
alone and with the addition of 20 mM of Ca2+. Removal rates were calculated by
comparing the initial cell concentration in the column with the concentration of cells in
the top of the suspension 1 hour after treatment. These concentrations were determined
using standard microbiology plate counting procedures.
Figure 5.11 shows the percent removal in columns containing E. coli
concentrations of 103 cells/mL. The cells were suspended in hard water and treated with
mucilage concentrations ranging from 0 to 50 mg/L with and without 20 mM of Ca2+.
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Controls (with and without Ca2+) are represented by the 0 mg/L of NE data points. All
removal percentages pertaining to suspensions not containing Ca2+ are shown with closed
data points. Results for columns containing Ca2+ are shown with open data points.

Figure 5.11. Removal percentages of 103 cell/mL of E. coli treated with 0 to 50 mg/L of
mucilage with and without Ca2+. Open symbols represent removal percentages
determined in suspensions containing 20 mM of Ca2+ while close symbols represent
removal percentages in columns without Ca2+ addition. Results are shown for both NE
(A) and GE (B) mucilages.
Controls with no mucilage or Ca2+ addition were determined to have a natural
removal rate of 17% (Figure 5.11, A and B). In suspensions containing 1 mg/L to 5 mg/L
of NE and no Ca2+, removal rates were comparable to removals determined in controls
(Figure 5.11, A). As NE addition increased from 5 to 10 mg/L, the E. coli removal
percent increased and reached an optimal removal of 35.8%. As NE concentration
continued to increase, a decline in E. coli removal occurred. Removal rates using 10 and
25 mg/L of NE treatment were determined to be significantly different than the control
using a t-test with an alpha value of 0.05. These results are similar to those presented in
previous studies examining the removal of suspended sediments and suggest that there is
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an optimal concentration of mucilage treatment beyond which mucilage overdosing can
occur.
With the addition of 20 mM of Ca2+, significant increases in E. coli removal were
achieved (P = 0.005) (Figure 5.11). It was previously shown that the addition of Ca2+
without mucilage resulted in the formation of bacteria flocs. Similar results were seen in
the removal results presented in Figure 5.11. With the addition of 20 mM of Ca2+ and no
mucilage, removal rates increased from 17.0% to 30.0%. Increased removal was
undoubtedly caused by the small bacteria flocs that resulted from the introduction of
Ca2+.
When NE was added in combination with 20 mM of Ca2+, an increase in cell
removal was determined (Figure 5.11, A). Concentrations of NE ranging between 1 and 5
mg/L were found to have mean removal percentages between 59.7 % and 67.0%. The
removal percentages achieved with 1, 3, and 5 mg/L of NE and 20 mM of Ca2+ were not
significantly different (P = 0.30). Removal rates achieved with NE concentrations of 1
mg/L to 10 mg/L with 20 mM of Ca2+ were determined to be significantly higher than
Ca2+ controls using a t-test with an alpha value of 0.05. As NE concentration continued to
increase from 10 mg/L to 50 mg/L the removal rates were seen to slowly decrease. With
50 mg/L of NE the removal rate of E. coli was lower than the Ca2+ controls with no
mucilage. This once again demonstrates the possibility of overdosing that can occur with
high concentrations of mucilage addition. When 50 mg/L of NE was added to
suspensions containing 20 mM of Ca2+, the mucilage prevented cell removal that would
have occurred with Ca2+ alone
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Removal percentages of E. coli attained using GE mucilage were determined to
be lower than those in columns containing NE (Figure 5.11, B). With GE concentrations
ranging from 1 to 3 mg/L and no Ca2+, there were slight increases in removal compared
to the control. However, the removal percent using 3 mg/L of GE (32.1%) was the only
value determined to be statistically different than controls with no mucilage (using a t-test
with an alpha value of 0.05). With GE concentrations ranging from 5 mg/L to 25 mg/L,
the removal percentage remained relatively constant and was similar to controls with no
mucilage.
With the addition of 20 mM of Ca2+, a slight increase in E. coli removal was seen.
Removal percentages followed trends similar to previous results with gradual increases
between 1 and 5 mg/L of GE. The highest E. coli removal attained was 49.3% with 20
mM of Ca2+ and 5 mg/L of GE. This is a 29.4% decrease from the highest removal
achieved with optimal concentrations of NE. With 50 mg/L of GE the removal was
determined to be lower than controls containing only Ca2+. Removal percentages with GE
concentrations of 3 and 5 mg/L and Ca2+ were determined to be statistically different than
the Ca2+ control using a t-test with α = 0.05.
Previous results with kaolin have suggested that mucilage alone may be able to
cause flocculation regardless of the particle charge, most likely due to the entrapment of
the particles in the mucilage structure. However, with suspended cells such as E. coli
repulsive forces between negatively charged surface structures on the cell and the
negative groups in the mucilage could play a dominant role in preventing aggregation.
The reduction of the electrostatic repulsions occurring because of negatively charged
groups is possibly responsible for the increase in removal with Ca2+ addition. In E. coli
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suspensions, it was determined that the addition of 20 mM of Ca2+ alone increases the
removal by 43% percent (Figure 5.11). This suggests that the Ca2+ is interacting with the
bacteria cells, without mucilage, most likely through charge neutralization or cation
bridging. The addition of low mucilage concentrations enhanced this removal. It is
possible that the Ca2+ is acting as a method of charge neutralization for both the E. coli
surface charge and the charged groups on the mucilage. It is also possible that a cation
bridge is formed connecting the mucilage to the E. coli resulting in large flocs and
increased removal.
The differences in E. coli removal achieved with the mucilage types could be due
to the differences in mucilage structure previously shown in Chapter 3. TEM and AFM
images revealed that the GE mucilage potentially offers less surface area than the NE
mucilage. If this is true, NE mucilage may be able to trap more cells resulting in higher
removal rates. Additionally, GE mucilage has been previously reported to contain 40%
more uronic acids in its linear backbone giving it more negatively charged groups than
the NE mucilage. If the mechanism of removal is dominated by charge effects, then
electrostatic repulsions between the GE mucilage and E. coli cells could also be
responsible for the removal differences.
Overall the results presented thus far demonstrate mucilage as an effective
flocculant for high (108 cells/mL) and lower (103 cells/mL) concentrations of E. coli. The
relationship between cell concentration and removal percent is further studied in Figure
5.12. In these results, the influence of E. coli concentrations ranging from 102 to 108
cells/mL suspended in hard water are evaluated with 20 mM of Ca2+, and 3 mg/L of NE
with and without the addition of Ca2+.
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Figure 5.12. Removal percent as a function of E. coli concentrations ranging from 102 to
108 cells/mL. All data presented was from suspensions in hard water. The red square
symbols are used to represent treatment with NE mucilage alone (closed symbols) and
combined with Ca2+ (open symbols). The grey triangle symbols are used to represent
removal percentages in controls with no Ca2+ or mucilage (closed symbols) and 20 mM
of Ca2+ (open symbols).
Controls containing no Ca2+ or mucilage maintained removal percentages
relatively close to 20% with some fluctuation, for E. coli suspensions of 102 to 108
cells/mL. In columns containing only 20 mM of Ca2+, removal percentages significantly
decreased from 76.7% to 23.1% as cell concentration decreased from 108 to 102 cells/mL
(P < 0.0001). This reduction in E. coli removal could be caused by reduced cell
interactions in the suspensions caused by the lowering cell numbers. Similar trends were
seen in suspensions of varying kaolin concentration that contained 20 mM of Ca2+ as
shown in the previous chapter. As discussed, it is possible that the aggregation of
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suspended matter in these systems relies heavily on particle/cell collisions. With less
suspended cells, less frequent collisions are expected to occur. This would explain the
high removal in columns containing 108 cells/mL compared to 102 cells/mL.
In suspensions containing E. coli concentrations of 108 to 102 cells/mL with NE
and no Ca2+, removal percentages are comparable to controls fluctuating just below 20%.
However, in suspensions of 108 cells/mL a mean removal of 31.4% was determined. This
slightly higher removal percent achieved with high E. coli concentrations could be
attributed to the ability of the mucilage to entrap particles causing increased removal.
While all other studied suspensions were determined to incur decreasing or
maintain low removal percentages with decreasing E. coli concentrations, columns
containing 3 mg/L of NE and 20 mM of Ca2+ maintained high removal (Figure 5.12). No
significant difference was found in removal percent of 102 cells/mL compared to 108
cells/mL (P = 0.100) In suspensions with the highest studied E. coli concentration (108
cells/mL) a mean removal of 70.2% of suspended cells was determined. Mean removal
percentages decreased only slightly to 62% as E. coli concentrations decreased to 102
cells/mL. These results are very similar to those studying the effects of kaolin
concentration on removal. In both cases, mucilage with 20 mM of Ca2+ addition
maintained high removals as particle concentration decreases. This is a very important
finding in the use of mucilage as a natural flocculant and suggests that the mucilage could
be used for a variety of applications and suspended particle concentrations.
All removal tests presented in this section thus far have been for E. coli
suspensions in hard water. Figure 5.13 studies the effects of water alkalinity on the
removal rate of E. coli suspensions with 103 cells/mL. Percent removals are provided for
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suspensions that contained no treatment (controls), and 20 mM of Ca2 with and without 3
mg/L of GE or NE.

Figure 5.13. Removal percentage of 103 cell/mL of E. coli in hard, soft and deionized
water. Removal percentages were studied without Ca2+ (A), and with 20 mM of Ca2+ (B).
Black columns indicate hard water suspensions, dark grey bars represent soft water
suspensions, and light grey bars present removal in deionized water.
In controls containing no mucilage or Ca2+, increased removal percentages from
19.9% to 37.1% occurred as alkalinity decreased. This could be due to cell lysing caused
by the ionic concentration of the waters. As the ionic content decreases to zero (deionized
water), it is possible that more cells are lysing due to osmotic pressure. If this is the case,
it would also explain the similar removal percentages in the deionized water regardless of
mucilage or Ca2+ addition (Figure 5.13).
Removals similar to those determined in deionized water were found in E. coli
controls in soft water. However, contrast to deionized water suspensions, mucilage
addition (with and without Ca2+) had an impact on removal. With the inclusion of 3 mg/L
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of NE or GE, the E. coli removal percentage in soft water suspensions decreased (Figure
5.13, A). Although not anticipated, these results show that there is an interaction between
the cells and the mucilage in solution. The low removal could result from the formation
of small flocs in the columns that do not settle from solution. It is also possible that if the
cells are becoming entrapped within the mucilage structure that they remain relatively
stable in the water regardless of the ionic concentration of the surrounding fluid. With the
addition of 3 mg/L of mucilage and 20 mM of Ca2+, the differences in removal are not as
substantial and only had small decreases in removal (Figure 5.13, B).
The results presented in Figure 5.13 suggest that additional work should be done
testing the impact of water alkalinity. It has been shown in kaolin, acid-washed kaolin,
and bacteria results that ion concentration plays a considerably large role in particle
removal with mucilage. It is believed that removal of bacteria can be achieved regardless
of water alkalinity if the appropriate concentration of mucilage and/or Ca2+ is added.

5.5 Summary and Conclusions

Overall it was shown in this chapter that GE and NE mucilages are capable of
flocculating suspended bacteria. Mucilage was evaluated using high and lower bacteria
concentrations. Through these studies the impact of cations, mucilage concentration, and
bacteria concentrations were studied. The results from the high concentration and low
concentration tests are summarized below.
High concentration bacteria tests (108 cells/mL) were used to quickly evaluate the
ability of the mucilage and form a better understanding of optimal conditions. In high
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concentration studies using Bacillus cereus, Bacillus anthracis, and Escherichia coli it
was seen that in order for visible flocs to form the addition of Ca2+ was necessary. With
the addition of Ca2+ and mucilage large flocs of bacteria were formed and increased
settling times were recorded relative to control suspensions. Slight differences in
behavior were seen in suspensions containing different bacteria types although similar
trends were determined for each. It was shown that optimal mucilage concentrations in
Bacillus cereus and Escherichia coli suspensions were between 0.5 and 10 mg/L. These
results are similar to those determined in kaolin suspensions (Chapter 4) suggesting the
possibility of mucilage overdosing. Not only did addition of mucilage above optimal
concentrations not form bacteria aggregates, but it also prevented the flocs that naturally
form with the addition of Ca2+. Although not the focus of this study, these results
demonstrate the potential use of mucilage as an anticoagulant if specific concentrations
are used. Different results were seen in suspensions of Bacillus anthracis where mucilage
concentrations as high as 200 mg/L were observed to form flocs in the presence of Ca2+.
Once it was demonstrated that mucilage could act as a flocculant in bacteria
suspensions, lower concentrations of E. coli were studied and the removal rates were
determined. In E. coli suspensions of 103 cells/mL removal rates as high as 67.0 % were
achieved with 5 mg/L of NE and 20 mM of Ca2+. Removal rates were not determined to
be as high for suspensions treated with GE. These results are similar to those in kaolin
suspensions where NE was shown to be a more effective flocculant for particle removal.
This could be due to the higher levels of uronic acids in the linear backbone of the GE
and the possibility of higher negative charge. Additionally, the Ca2+ could be neutralizing
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some of these groups causing the GE structure to compact slightly allowing for less
particle aggregation on its surface.
The effects of E. coli concentrations ranging from 102 to 108 cells/L on removal
was also examined in this chapter. In control suspensions decreases in removal
percentages occurred as kaolin concentrations decreased. However, in suspensions
containing 3 mg/L of NE and 20 mM of Ca2+, removal rates were determined to remain
above 62% regardless of E. coli concentration. These results are similar to those in kaolin
suspensions of varying concentrations. This characteristic could allow the mucilage to be
an applicable tool in many different types of water treatment applications from
wastewater treatment to drinking water production.
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CHAPTER 6: SUMMARY AND CONCLUSIONS

In this work gelling (GE) and non-gelling (NE) mucilage from the Opuntia ficusindica (O. ficus-indica) cactus was demonstrated as an effective natural flocculant for
suspended solids and bacteria. Flocculants are currently used in industrial applications
that require solid-liquid separation. With their addition, large flocs of suspended
materials are formed increasing removal. Currently used flocculants include inorganic
metal salts, such as alum and ferric chloride, and organic polymers, such as
polyacrylamide. While these flocculants have been proven to be effective in purifying
water, their cost, availability, and speculations based on the possibility of nonbiodegradable residual chemicals remaining in water after treatment has led to the
widespread study of natural materials that could be used as safe and effective alternatives.
These bioflocculants include polysaccharides, such as those cultivated from the
extracellular matrix of bacteria, as well as pectins and proteins extracted from plant
materials such as citrus peels and seeds from the Moringa species of trees. Although all
of these bioflocculants have been shown to be active flocculants, one of the most cost
effective, renewable, and safe sources of bioflocculant is the O. ficus-indica cactus.
The primary objective of the presented research was to evaluate mucilage
extracted from the O. ficus-indica as a potential flocculant under various conditions. The
results determined will aid in enhancing the knowledge base regarding the behavior of
natural flocculants and how they will function in water treatment applications. This
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objective was achieved by studying two main mucilage types and the impact varying
suspension conditions had on their ability as flocculants. In this study, mucilage type and
concentration; suspended contaminant type and concentration; and cation type and
concentration were all evaluated to determine the effectiveness of the mucilage as a
flocculant. These results will be summarized in this chapter, compared to previous
mucilage studies, and conclusions will be formed based on the determined results.
In this work it was determined that the mucilage type plays a significant role in
suspended particle removal. Two main fractions of mucilage, non-gelling (NE) and
gelling (GE) extract were obtained from cactus pads as described in Chapter 3. The
mucilage extracts consisted primarily of sugars, the percentage of which was consistent
with previous works. Four extractions were performed which followed similar
methodologies and the sugar compositions of the extracted mucilages were not
significantly different (P = 0.49). In previous studies of the mucilage, it was shown that
the GE has a higher percentage of uronic acids (56%) than the NE (11%). Using atomic
force microscopy (AFM) and transition electron microcopy (TEM), the differences in
physical structure between the mucilage types was shown. In this work, NE had a denser
more net like structure than GE which had a linear chain-like structure with similar
orientation angles. These structural differences are thought to exist because of the
increased amount of uronic acids found in the polysaccharide backbone of the GE. These
uronic acids could be resulting in higher electrostatic repulsions causing the molecule to
stretch out. The differences between the chemical and physical structures of the mucilage
types are most likely responsible for the differences seen in removal tests.
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In removal studies focusing on kaolin, acid-washed kaolin, and E. coli NE
mucilage was a more effective flocculant than GE when used in the appropriate
concentrations. It is expected that these results are related to the higher uronic acid
content found in the GE polysaccharide backbone compared to the NE. The suspended
particles examined in this study were described in Chapter 2 and all contain negatively
charged groups on their surfaces. When in contact with the GE mucilage, it is likely that
the negative surfaces on these particles and the negative groups on the GE mucilage
interact through electrostatic repulsions making it less effective than the NE mucilage.
Additionally, NE mucilage was determined to have a more dense structure which could
be trapping suspended particles and/or offering more surface area for interaction.
Although NE mucilage was determined to be more effective than GE, both were
shown to cause particle flocculation. In experiments focusing on mucilage concentration,
0 to 100 mg/L of NE and GE were evaluated. For all experiments in this work, low
mucilage concentrations were determined to be most effective at removing suspended
particles. In kaolin, acid-washed kaolin, and E. coli removal studies, increases in removal
occurred until an optimal mucilage concentration was reached. If additional mucilage was
added over optimal concentrations, a decrease in removal efficiency occurred. In
suspended kaolin and acid-washed kaolin studies, optimal concentrations were between
15 and 50 mg/L of NE and GE mucilage depending on the solution conditions. In bacteria
suspension studies, optimal concentrations were slightly lower. In high concentration
tests (108 cells/mL), mucilage addition above 5 mg/L and 10 mg/L did not cause cell
aggregation and prevented aggregation that occurred in the presence of Ca2+. In these
studies mucilage concentrations as low as 0.5 mg/L were effective in cell aggregation. In
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lower E. coli concentration studies (103 cells/mL), the most effective concentrations of
mucilage were between 1 and 5 mg/L of mucilage. These results show that only small
amounts of mucilage are necessary for suspended contaminant aggregation to occur. In
this work, the most effective mucilage concentrations ranged between 5 and 50 mg/L of
mucilage. With these concentrations it is established that 1 g of mucilage has the
potential to treat 20 to 200 L of water. Low mucilage dosage requirements are an
attractive characteristic for application in water treatment.
A simplified extraction method was also used to obtain a ground cactus
flocculant (GC) which had a significantly lower percentage of total sugars (P = 0.001).
When used in 0.5 g/L kaolin removal studies, significant increases in flocculation activity
occurred with the addition of 15 mg/L of the GC flocculant and 20 mM of Ca2+ compared
to Ca2+ alone (P < 0.0001). Mean increases were from flocculation activities of 0.67
(Ca2+ only) to 4.49 (GC and Ca2+). These results indicate that mucilage obtained through
simplified extraction methods can also result in significant particle removal compared to
controls.
The mucilage from the O. ficus indica has been previously shown to be an active
flocculant for turbidity removal in water suspensions. In this work, this application was
further explored with varying kaolin concentrations. Additionally, the effects of kaolin
surface modifications resulting from acid-washing were evaluated. The application of
mucilage was taken a step beyond sediment removal by testing its effectiveness as a
flocculant for suspended bacteria including Bacillus cereus, Escherichia coli HB101 K12, and Bacillus anthracis (Fully attenuated) Sterne strain.
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This work shows that mucilage can be an effective flocculant for a variety of
contaminant types. Large flocs of particles were seen in suspensions of kaolin, acidwashed kaolin, B. cereus, B. anthracis and E. coli when mucilage was added. The
removal results pertaining to different suspensions provided insight on the potential
mechanisms responsible for particle aggregation with mucilage. The surface structures of
the particles studied were discussed in Chapter 2. Kaolin is known to carry an overall
negative surface charge in neutral solutions. Acid-washed kaolin is known to carry a
negative charge that results from surface modifications occurring during acid-wash
treatments. Bacteria structures have also been shown to carry negative charges resulting
from negatively charged exposed groups on the cell wall. The results provided in
Chapters 4 and 5 showed that, despite the negative charges on both the mucilage structure
(resulting from uronic acids in the backbone) and the particle surface, precipitation could
still occur. In kaolin studies these flocs were directly observed with a light microscope
and were responsible for high settling rates in 50 g/L kaolin suspensions. Similar flocs
occurred in acid-washed kaolin suspensions despite the particles increased negative
charge. In E. coli suspensions of 103 cells/mL, removals slightly higher than controls
were determined in suspensions containing GE and NE. The ability of the mucilage to
bind the particles despite their similarly charged groups suggests that particle aggregation
could be occurring in part because of bridging and entrapment in the mucilage structure.
This is further demonstrated by the advantages of using NE over GE as previously
discussed. NE was had a denser structure which could result in higher particle
entrapment.
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In addition to being able to aggregate a variety of particle types, mucilage was
shown as an active flocculant for ranges of suspension concentrations. In kaolin studies
where kaolin concentrations decreased from 50 g/L (mud-like conditions) to 0.05 g/L, NE
and GE mucilage combined with Ca2+ was capable of maintaining removal percentages
above 68.0 and 53.9%, respectively. In suspensions containing 0.05 g/L of kaolin,
controls without mucilage or Ca2+ had removal percentages of only 28.9%. With Ca2+
alone, low removal rates of 19.8 % were determined. Similar results were seen in E.coli
suspensions containing 108 to 102 cells/mL. As E. coli concentration decreased, removal
percentages achieved with NE combined with Ca2+ decreased from 70.2% to 62%.
Conversely, controls with no mucilage or Ca2+, and Ca2+ controls were seen to drop to as
low as 20.0% and 23.1%, respectively. These results are encouraging as they demonstrate
that mucilage can be an effective flocculant for a range of suspended particle
concentrations. This shows that the mucilage is a versatile flocculant and could be used in
a variety of applications.
Evidence of particle bridging was also seen in studies varying kaolin (0.05 to 50
g/L) and E. coli (102 to 108 cells/mL) concentrations. While controls with no treatment
and Ca2+ controls had significant decreases in particle removal with decreasing
contaminant concentration, mucilage combined with Ca2+ was able to sustain relatively
high removal rates, as previously discussed. This could be due to the lower frequency of
particle collisions that would be expected in lower concentration studies. If this is the
case, this shows that controls and Ca2+ rely heavily on the ability of particles to collide in
solution. The mucilage combined with Ca2+ treatments were not as dependent on particle
concentration. It is also likely that charge neutralization plays a critical role in particle
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aggregation with mucilage. When mucilage was used alone, decreased removal occurred
with decreasing particle concentration. The addition of Ca2+ significantly altered this
behavior indicating that Ca2+ could be aiding particles in binding to the mucilage
structure.
In studies evaluating bioflocculants that have compositions similar to mucilage, it
was shown that the addition of cations to suspensions during evaluation can have a
significant impact on the removal achieved. In kaolin studies, the effects of adding
monovalent (K+ and Na+), divalent (Ca2+ and Mg2+), and trivalent (Al3+ and Fe3+) cations
was evaluated. When 0.2 mM of the cations were added with mucilage limited increases
in removal occurred. At this concentration, Fe3+ was most effective. When 20 mM of the
cations were added with the mucilage, high removal occurred in suspensions containing
Ca2+. Like previous studies focusing on polysaccharide based flocculants, Ca2+ was
observed to have a more substantial impact than other cations when used in the
appropriate concentrations.
It is believed that the addition of Ca2+ to suspensions acts to either neutralize the
negative charges found on the surfaces of the particles and/or the mucilage or as a cation
bridge between the particles and the mucilage. In many suspensions, particularly acidwashed kaolin and bacteria studies, the addition of Ca2+ alone greatly increased the
removal of particles compared to controls with no Ca2+ addition. This shows that the Ca2+
is interacting with the particles in some way. Most likely, the Ca2+ is reducing or
neutralizing the surface charge of the particles allowing the attractive forces existing
between them to play a more dominant role resulting in particle aggregation. The addition
of mucilage to these suspensions significantly enhance removal beyond the addition of
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Ca2+ alone. This was easily seen in light microscope images of B. cereus and E. coli
where large aggregates of bacteria were seen compared to the small flocs formed with
Ca2+ alone. In some cases, such as kaolin and bacteria suspensions, the addition of Ca2+
was found to be necessary in order to obtain removal percentages higher than controls.
These results are similar to those presented for previously studied bioflocculants.
However, it is worthy to note that in kaolin suspensions aggregated particles were still
observed both visually and through light microscope images without Ca2+ regardless of
the low removal percentage determined. It is possible in these scenarios, that by
implementing a coarse filter, higher removal could be achieved.
This work adds to the existing knowledge pertaining to the application of the
Opuntia spp. as a natural flocculant. A brief summary of the optimal concentrations and
removal results determined in this work is provided in Table 6.1.
Optimal mucilage concentrations during treatment varied with contaminant type
and concentration. These results are comparable to those presented in Table 6.2, which
summarizes previous work studying the Opuntia spp. as a natural flocculant. In both the
results found in this work, and those documented by Young, K.A. (2006), mucilage
treatment resulted in increased settling rates. In the work by Young, K.A. (2006), the
highest mucilage concentration utilized in cylinder tests was 3 mg/L. However, by
studying the trends discussed by the author, it is logical to assume that the trends with
higher mucilage inclusion would be similar to those observed in this work. Optimal
concentrations outlined by Zhang et al. (2006), Miller et al. (2006), and Lynn et al. (2011,
2012) are similar to the 15 to 50 mg/L optimal mucilage concentrations observed in
studies concerning kaolin removal (Zhang, Jingdong, Zhang, Fang et al. 2006; Miller,
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Sarah M., Fugate, Ezekiel J. et al. 2008; Lynn, T.J., Wanjugi, P. et al. 2011; Lynn, T.J.,
Wanjugi, P. et al. 2012)

Table 6.1 Summary of optimal concentrations and removal.
Summary of the Opuntia ficus-indica as a Flocculant Source in this Work
Source

Studied
Suspension

Kaolin (0.05 –
50 g/L)

This work
(Buttice
et. al
2010),
(Buttice
2009)
GE and
NE
GC

Acid-washed
Kaolin (50 g/L)

High Bacteria
Concentrations

103 cells/mL E.
coli

Optimal Conc.

Results

Settling Rates: 75
– 100 mg/L GE
and NE
Kaolin Removal:
15 – 50 mg/L GE
and NE + 20 mM
Ca2+

Settling Rates: >
100 mg/L NE and
100 mg/L GE
Removal: 15 – 50
mg/L GE and NE
with and without
Ca
E. coli : 0.5 – 10
mg/L
B. cereus: 0.5 – 5
mg/L
B. anthracis: 0.5 >200 mg/L

Settling Rates: 25 times faster with 100 mg/L NE
21 times faster with 100 mg/L GE
Kaolin Removal: 0.05 g/L suspensions:
NE + Ca2+: FA: 23.5
Removal percent: 68.0 %
Residual Turbidity: 19.5 NTU
GE + Ca2+: FA: 16.1
Removal percent: 53.9 %
Residual Turbidity: 23.1 NTU
Kaolin Removal: 0.5 g/L suspensions:
GC + Ca2+: FA: 4.5
Removal percent: 77 %
Residual Turbidity: 124 NTU
Settling Rates: 25 times faster with 100 mg/L NE
21 times faster with 100 mg/L GE
Kaolin Removal: 50 g/L suspensions:
NE: FA = 1.92
GE: FA = 2.96
NE + Ca2+: FA: 20.9
GE + Ca2+: FA: 13.9

Large flocs formed with the addition of 20 mM of
Ca2+

Removal Percent:
Control: 17 %, Ca Control: 30 %
NE: 36 %, GE: 32 %
NE + Ca: 67%, GE + Ca: 49 %

3 to 5 mg/L GE
and NE + Ca2+

Many of the authors also state that cations can have an effect on the ability of the
flocculant, although this concept is not studied in detail. Miller et al. (2006) suggested
that removal could partially be aided by cations that remain in the flocculant post
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extraction (Miller, Sarah M., Fugate, Ezekiel J. et al. 2008). Zhang et al. (2006) show that
the addition of AlCl3 combined with the cactus flocculant was more effective in
wastewater treatment than the AlCl3 or cactus alone (Zhang, Jingdong, Zhang, Fang et al.
2006). These concepts coincide with the results in this work where Ca2+ significantly
increased the flocculation efficiency of the cactus mucilage.
Young, K.A. (2006) reported that up to 300 times more alum (Al2(SO4)3) would
need to be used to obtain the same settling rates as mucilage treated suspensions. If the
predominant mechanism used by alum in particle settling is sweep coagulation, this is
understandable as more metal hydroxides would result in larger flocs, hence faster
settling. It was noted however, that alum resulted in lower residual turbidities than the GE
and NE mucilage (Young, Kevin A. 2006; Young, Kevin A., Pichler, Thomas et al.
2008). As Young, K.A. (2006) used extraction methods similar to those outlined in this
work it is likely that similar comparisons to alum can be expected.
Higher contaminant removal with alum, ferric chloride, and poly ferric sulfate
(PFS) compared to the cactus flocculant was also reported by Zhang et al. (2006) and
Lynn et al. (2011, 2012). It is possible that if the cactus flocculant is used as a
pretreatment method in water purification applications the differences observed between
the cactus flocculant and the conventional flocculants may not be as detrimental. For
example, in some of the work documented here (particularly lower concentrations of
kaolin) particle aggregates were observed in columns despite low removal. Additionally,
kaolin flocs were observed in TEM images taken of samples extracted from the top 1/10
of the column supernatant. These results demonstrate that despite low particle removal,

159

there is a possibility that small flocs are forming throughout the column which are not
heavy enough to settle.

Table 6.2. Summary of previous work evaluating the Opuntia ficus-indica as a flocculant.
Summary of the Opuntia ficus-indica as a Flocculant Source
Studied
Suspension

Optimal
Conc.

Results

Kaolin:
50g/L, DI

Highest tested
3 mg/L

Settling Rates: C: 0.56 cm/min
3 mg/L GE: 2.2 cm/min
Residual Turbidity: C: 40 NTU
1 mg/L GE 280 NTU

GE and NE

Arsenic
80 to 100
µg/L, DI

Studied 5
mg/L GE

Fox, D.I
(2011),
Fox et al.
(2012)
GE and NE

Arsenic
100 µg/L, DI
20 and 375
NTU, DI

Source
Young, K.A
(2006), Young
et al. (2008)

Zhang et al.
(2006)
GC

Miller et al.
(2006)
GC

Lynn et al.
(2011, 2012)
GC

Wastewater
(70 NTU)

Potable
water
(50 NTU)

Comparison to
Conventional Flocculants
Settling Rates:
300x more alum
Residual Turbidity:
alum: < 40NTU

Removal: As: 41%

N/A

GE: 100 mg/L
Fe3+: 40 mg/L

Removal: As (GE): 95%
Fe (GE): 85%

N/A

50 mg/L

94 % Turbidity reduction
lkalinity ↑, reduction ↓

AlCl3 +
Cactus (30 120 mg/L)
Cactus: 50
mg/L
60 mg/L

Comparable to 50 mg/L
AlCl3

AlCl3 + Cactus: 90% Turbidity
reduction
Cactus alone: 70 % Turbidity
reduction

AlCl3 more effective than
cactus alone

93 % turbidity reduction

60 mg/L AlCl3: 97%
turbidity reduction
40 mg/L PFS: 96 % turbidity
reduction
Comparable to PFS

Sea water
(980 NTU)

60 mg/L

98 % removal efficiency

0 to 375
NTU Kaolin
in surrogate
water

15 to 55 mg/L

5 to 7 NTU regardless of initial
turbidity

N/A

Turbidity: 8 % increase
E. coli: 38 % reduction
Total coliforms: 83 %
reduction
Total heterotrophs: 22%
increase

50 mg/L Alum: Turbidity:
61 % decrease
E. coli: 100 % removal
Total coliforms: 98 %
removal
Total heterotrophs: 61 %
removal
100 mg/L FeCl3:
Turbidity: 86 % decrease
E. coli: 100 % removal
Total coliforms: 100 %
removal
Total heterotrophs: 97 %
removal

N/A

50 mg/L
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By combining the cactus flocculant at optimal concentrations with a coarse filter,
it is possible that removal could be improved. It is also noted that although large
reductions in turbidity can be achieved with the addition of cactus mucilage and cactus
flocculants, most studies performed to date result in turbidities that are higher than
standards regulated for drinking water quality. The World Health Organization (WHO)
states that drinking water turbidity should be below 1 NTU in order for disinfectants to
work properly. Under this limit turbidity is regulated to remain below 0.5 NTU prior to
disinfection. In areas where this is not possible due to resource availability, it is suggested
that drinking water should be less than 5 NTU (WHO 2011). While studies by Miller et
al. (2006) are on the outer limit of this regulation, most studies show that residual
turbidities in water treated with cactus flocculants were still too high for applications in
potable water production. This shows that additional optimization and possible further
treatment may be necessary prior to the direct application of cactus mucilage as a
flocculant in drinking water treatment. Increased removal could be achieved either by the
use of a secondary treatment, such as a coarse filter, or possibly by adding a second
dosage of flocculant.
Overall the work outlined in this document demonstrates that GE and NE
mucilage fractions extracted from Opuntia ficus-indica cactus pads have potential as
natural flocculants for sediments and bacteria. The cactus’ abundance, accessibility, low
cost, and cultural acceptance make it an attractive alternative to conventional flocculation
agents. In this work GE and NE mucilage was shown to successfully aggregate kaolin,
acid-washed kaolin, and a variety of bacteria including Bacillus cereus, Escherichia coli,
and Bacillus anthracis. When combined with Ca2+ substantial increases in removal were
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attained compared to control suspensions. Additionally, the mucilage maintained high
removal rates for a range of initial kaolin and bacteria concentrations. These results show
that mucilage has the ability to act as a flocculant for a wide variety of applications
ranging from industrial waste treatment to potable water production. The mucilage from
the Opuntia ficus-indica is simple to isolate and the pads are biodegradable making it an
attractive alternative to the currently use coagulants.
In addition to the conclusions drawn from this work regarding the application of
mucilage as a flocculant, the results herein also greatly contribute to the knowledge base
regarding the behavior of natural flocculants. Many of the results documented here were
similar to those reported concerning other bioflocculants under similar circumstances.
This is indication that the trends and behaviors determined in this work could extend to
other flocculants of similar composition. This would allow this work to act as a potential
guide for the application of these flocculants.
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